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I. INTRODUCTION 
A. Historical Background and Motivation of Research Interest 
Crystalline semiconductors have received most of the attention in the 
past and today our understanding of them rests on very sound foundations. 
Amorphous semiconductors, although a relatively young field, is also quite 
mature by now. Yet, although this field has drawn considerable attention 
over the last two decades, our current understanding of the physics of 
these important materials is still rather ambiguous and far from the level 
achieved in crystalline semiconductors. It is harder to treat electronic 
states in a disordered solid than in a crystal, due to the lack of any 
long-range periodicity. Yet there is a strong motivation for this 
interest. One important reason is the great advances made in material 
preparation technologies. Amorphous semiconductors can be inexpensively 
deposited over large areas and widespread use results in a considerable 
reduction in cost. Due to this appealing cost advantage over crystalline 
materials, amorphous semiconductors are already the dominating materials 
in several applications (see below). 
Although the crystalline elemental semiconductors Si and Ge have 
found a wide variety of device applications, they usually are not good 
optical materials (e.g., for LEDs) due to their indirect bandgaps. They 
are also not good high temperature sensors because of their high 
temperature performance limitations. On the other hand, although 
hydrogenated amorphous silicon and germanium (a-Si:H and a-Ge:H) and their 
related amorphous alloys are not good for transport applications due to 
their much lower carrier mobilities than the crystalline counterparts. 
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they are potentially good optical materials because of their effectively 
direct band gaps. Hydrogenated amorphous semiconductors are now the 
leading materials for photovoltaic devices (e.g., solar cells) as veil as 
for photoreceptors (in xerographic copiers and TV pick up tubes), and are 
moving to the forefront in applications such as thin film transistors 
(TFT), photodetectors, image sensors, and optical mass memories.1 Other 
very important novel applications, e.g., neural networks, are recently 
drawing a great deal of interest.% 
As mentioned above, a-Si solar cells have become the dominant 
material in solar cell technology due to their low cost, and improved 
conversion efficiency. A conversion efficiency of 11.7% for small cell 
area (1 cm^) and 9.72% for large area (10 cm x 10 cm) has recently been 
reported^ (1986), implying a 17% improvement compared to the previously 
reported value of 10% in 1982.4 Yet, although a great deal of research 
has been accomplished on a-Si:H and a-Sii_jjCjjSH^»®»^ and both have reached 
technological maturity,® a-Ge;H and a-Gei_xCx:H have received far less 
attention.9*10 xhe pioneer work on these systems was done by Lewis et 
al.(1974) and by Anderson and Spear^ (1977). The little research 
volume on these materials could largely be attributed to the earlier 
reports and predictions!^»on their poor optical and electrical 
properties for device applications. Recently, however, several research 
groups have reported encouraging experimental results on photoconductivity 
of a-Ge:H films. They achieved an improvement in films qualities either 
by using optimal deposition conditions!^ or by using defect compensators 
other than hydrogen (e.g., nitrogen^®). The use of oxygen as a 
compensator in a-Si:H led to high photoconducting films^? and was also 
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suggested to be used in a-Ge^^. However, there are no results from 
systematic investigation on different deposition systems (especially r.f. 
sputtering) on a-Ge:H and a-Gei_xCx:H. The motivation for research on 
these systems is threefold: 
1). The solar radiation spectrum is distributed from about 3,eV down to 
slightly above 0.5 eV, with increasing photon flux toward the lower 
energy end as can be seen in Figure 1 (a). Therefore, for improving 
the efficiency of solar cells, it is very important to make the 
optical energy gap EgOPt variable and controllable over an extended 
region in order to absorb the wide spectrum of sunlight efficiently. 
A typical value of Eg°P^ of a-Si:H is about 1.8 eV and its value can 
be reduced by introducing a narrow gap material. a-Ge:H, which has 
an optical gap of about 1.0 eV, is an obvious candidate. The lower 
gap alloy a-Si^.^Ge^sH is commonly used as the bottom layer in 
tandem-type solar cells for obtaining high efficiency. It is well 
known that solar cells achieve the best conversion efficiency at 
EgOPt (hereafter Eg) = 1.4 as can be seen in Figure 1 (b). 
Another way to make new materials is to begin with a-Ge or a-Ge:H and 
introduce high gap materials such as carbon^l or nitrogen. 
Obviously, a-Ge:H plays an important role as a participating material 
in both types of new materials. Preparation of a-Ge:H films with 
good optoelectronic properties (e.g., higher photoconductivity) will 
warrant better performance (photovoltaic, photosensitive, and 
electrical transport properties) efficiency of the composite 
materials. 
2). The high gap material a-Sii_xCx:H, used as a p-doped layer (window 
c E 
£L C 
1.0 2.0 3.0 
Photon Energy (eV) 
300 K 
Eg(eV) 
Fig. 1. Solar spectrum and solar cell efficiency, (a) Solar spectrum of 
sun as received at noon near the equator, and (b) ideal solar-
cell efficiency at 300K 
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material) in PIN (p-i-n) a-Si:H solar cells has received much 
attention and vas found to have a high conversion efficiency.23 Yet 
both a-Sii_xCx:H and a-Gei_xCx:H have a vide range of energy gap. 
The former has a lover limit of about 1.5 eV^ vhile in the latter it 
is much lover and this feature may be significant in photovoltaic 
applications. Hence, it is surprising that the latter has received 
such little attention and thus merits further investigation. 
3). Investigation on a-Gei_xCx:H may provide valuable insight into the 
properties and technological optimization problems of its end 
materials, a-Ge:H films and a-C:H films. As a result of the sample 
preparation technique described in this vork, films vere prepared 
ranging from almost pure a-Ge:H to almost pure a-C:H, so it enables 
the study of the properties of a-Ge:H doped vith C and a-C:H doped 
vith Ge. In this respect this study on a-Gei_xCx:H is appealing in 
light of the recently strong research interest into diamondlike 
a-C:H, and microcrystalline yc-C:H film. 
It is important to have an understanding of the basic physical and 
chemical nature of amorphous semiconductors before trying to prepare and 
characterize the a-Ge:B and a-Ge^.x^x'^ films. 
B. Basic Features of Tetrahedrally-coordinated Amorphous Semiconductors 
An important key to solid state physics is Bloch's theorem vhich is 
based on the periodic ordering of the constituent atoms in crystal 
structures. This gives a band structure E(ic) vhere îc is the electronic 
vave vector. As a result, there vill exist bands of alloved energies of 
the electron separated by gaps of forbidden energies. In amorphous 
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materials, however, such a periodic lattice (i.e., long-range order) is 
absent and so is the reciprocal lattice. Therefore, ic is no longer a good 
quantum number for the description of electrons or phonons. This results 
in two consequences: 1) The Ê conservation rule in optical transitions is 
relaxed. This is an important advantage in solar cell technology because 
all amorphous semiconductors are strong absorbers of light with above gap 
energy and this in turn leads to the contribution to the low-cost feature 
of amorphous semiconductors since a 1 ym a-Si film absorbs as much visible 
light as a 50 ym c-Si. 2) In a crystal, all electronic states are 
extended due to the periodic array and it is because of this extended 
nature that the carrier mobilities are large in crystals. In an amorphous 
system, however, almost all occupied electronic states are localized due 
to the deviations from periodicity that scatter carriers in a periodic 
array, thus resulting in a drastic reduction in the carrier mobilities. 
Although long-range order is absent in an amorphous material, short-
range order does exist. Experimental studies (optical absorption and 
photoconductivity measurements) have demonstrated the existence of band 
gaps analogous to crystalline semiconductors. Energy band characteristics 
similar to that of crystalline material are presumably maintained in 
amorphous semiconductors due to the presence of short-range order as shown 
from X-ray studies. A representation of the electronic density of states 
for a typical amorphous semiconductor is depicted in Figure 2. The 
existence of short-range order in amorphous materials is well-evidenced 
from the experimental determination of the radial distribution function 
(RDF). The RDF, defined as J(r) = 4m:^p(r) where p(r) is the density 
function, is defined such that the average number of atom centers lying 
Conduction bond 
extended states 
Localized conduction bond 
tail states 
Tgdangling bonds 
^\TJ, Tjdangling bonds 
Localized valence bond 
tail states 
Valence bond 
extended states 
Density of States, N(E) 
Davls-Hott model of the electronic density of states in 
amorphous silicon 
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between r and r+dr from the center of an arbitrary origin atom is given by 
4nr2p(r)dr. The RDF's of a-Ge and c-Ge, determined by Temkin et al.24 
(1973) from X-ray experiments, are compared and shown in Figure 3. It is 
noted from Figure 3 that the short-range order is amazingly similar for 
the two cases. The RDF yields information for bond lengths as well as 
bond angles. The position of the first peak gives the nearest-neighbor 
distance which is almost identical in both cases and the area under this 
peak gives the first coordination number which is almost equal to four in 
both cases. The second peak, however, is quite different in the sharpness 
of and the area under the peak. The peak positions are almost the same 
but in the amorphous case the peak is broadened and the area under it is 
reduced. This reflects a bond angle distortion of about ± 10° which 
• indicates approximately a 10% variation in bond angles when compared to 
109°28', the crystalline tetrahedral bond angle. Hence, bond angle 
variation plays a more dominant role than the bond lengths variation (= 
2%) in amorphous structures. The third and higher order peaks become 
Increasingly smeared into the constant density parabolic background, 
Anr^pQ. Figure 3 suggests that the corresponding crystalline and 
amorphous solids are strongly related since the nearest-neighbor 
separation and the coordination number are almost identical. The 
following picture for tetrahedrally-bonded amorphous semiconductors, 
especially a-Ge, arises: In a-Ge, each atom is surrounded by four nearest 
neighbors, forming a tetrahedral network; the atoms at the apex of the 
tetrahedron are the centers of new tetrahedra. Variation in bond angles 
leads to some disorder In the second nearest neighbors. When this process 
is continued further away from the original atom, complete long range 
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Fig. 3. X-ray derived RDFs for (a) crystalline Ge (with inset of 
diamond cubic lattice), and (b) amorphous Ge films (after 
Temkin et al. 197324) 
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disorder results. 
The disorder just described is a positional disorder (i.e., a static 
disorder.) In amorphous semiconductor alloys such as a-Gei_xCx:H, there 
is also compositional disorder, due to the random identity of the atom at 
any position. However, in spite of this, short-range order is maintained 
in all of these amorphous materials. 
All semiconductors have dangling bonds, which are broken or 
unsatisfied bonds in a covalent solid. In crystals, they are found mainly 
on the surface or at structural defects such as, for example, 
dislocations. In the amorphous phase, however, there is a much greater 
probability of formation of dangling bonds: isolated dangling bonds, 
dangling bonds residing at the internal surfaces of microvoids, and atoms 
with weak bonds due to stretching or bending stresses. Indeed, dangling 
bonds are intrinsic to amorphous semiconductors, e.g., a-Ge, implying that 
some of the Ge atoms are bonded to less than 4 other Ge atoms. The 
dangling bonds introduce states near the middle of the gap as indicated in 
Figure 2. The density of these midgap states (DOS) has been estimated to 
be about 10^^ ~ lO^O cm~3 for a-Si and a-Ge.25 The Fermi level Ep is 
effectively pinned near the center of the gap due to this large magnitude 
of dangling bonds and this was the reason why initial attempts to dope 
amorphous semiconductors failed. There are two dangling bond peaks near 
the midgap and they are broadened by disorder. These two peaks represent 
two charge states (i.e., electron occupancies) of dangling bonds. One is 
the T3O neutral dangling bond, containing a single electron (singly 
occupied; T represents tetrahedral bonding, the subscript denotes the 
coordination, and the superscript expresses the charge state of the same 
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defect site). Adler^^ proposed that these neutral 13° dangling bonds (in 
a-Si:H) are responsible for all the detrimental effects such as non-
radiative recombination centers. The other state is the 13". The 
addition of the second electron requires an energy U, called the 
correlation energy, which is mainly due to Coulomb repulsion between the 
two electrons, so this state is higher in energy by an amount U (several 
tenth of eV)5 above the T3O state at the same site. The state T3+, with 
no electron in the orbital, is in general at the same energy level as T3O. 
ESR is a valuable tool for the study of defects in amorphous solids, 
and it can detect the paramagnetic T3O centers but not diamagnetic centers 
such as T3" and T3+ or two close T3° in a spin paired fashion. The ESR 
measured defect (spin) density is therefore always less than the defect 
density actually occurring in the network. All dangling bond states are 
also localized and they have pronounced effects (negative, in general) on 
the properties of amorphous semiconductors. 
C. Recombination and Photoconduction 
In semiconductors, free carriers (electrons and holes) reach their 
equilibrium concentrations at a certain temperature through the balance 
between the thermal generation and recombination processes. Free carriers 
with equilibrium concentrations n^ and Pq contribute to the (dark) 
conductivity of the material as 
% = e(noWn + Po^p) (1) 
where Wq, Mp are the electron and hole mobilities respectively. 
When the material is illuminated with above gap light, photons are 
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absorbed, and excess charge carriers ûn and are created. These excess 
carriers yield a corresponding increase in oy by an amount Cph, 
photoconductivity, which can be expressed as 
Tph = e(ûnyn + ûpjip) (2) 
From the Continuity Equation 
dân An 
—— = G — — (3) 
dt Tn , 
where G is the generation rate of electrons and is the free lifetime of 
an electron. In Eq. (3) the diffusion term is neglected for simplicity. 
The steady state condition dân/dt = 0 thus yields ûn = Gt^. Ap = GTp is 
obtained similarly since electrons and holes are always created in pairs 
and hence they have the same generation rate. Therefore, ûa can be 
expressed as 
«ïph = Ge(% + %) ' (4) 
Eq. (4) indicates that and Tp are important parameters in 
photoconductivity. 
The free lifetime is the time that an excited electron spends in the 
conduction band and an excited hole in the valence band. The free 
lifetime of a charge carrier can be either terminated by a recombination 
process or interrupted if the carrier is trapped. If a carrier is 
trapped, the time spent in traps is not included in x, and the lifetime is 
increased if later on this trapped carrier is thermally re-emitted to the 
conduction (or valence) band. 
13 
The excess carriers can recombine radiatively or nonradiatively. In 
a direct recombination, an electron in the conduction band and a hole in 
the valence band recombine without the assistance of any intermediate 
state in the gap, usually resulting in the emission of a photon with an 
energy equal to the bandgap as shown in Figure 4 (a). However, a 
competing process would occur if there exists an intermediate state (state 
labeled i in Figure 4 (b)) in the gap. Often, this indirect competing 
process dominates and makes the radiative process at the bandgap level 
inefficient. This phenomenon has been treated by van Roosbroeck and 
Shockley.27 It was also well established experimentally that in most 
materials, excess carrier lifetimes were not limited by radiative process, 
but rather by nonradiative process which led to the investigation by 
Shockley and Read^® which involved a consideration of recombination by 
trapping of electrons and holes by localized states lying deep within the 
bandgap, which were thought to be related to impurities and structural 
defects. In Figure 4(c), four fundamental processes involved in 
recombination through traps in Shockley-Read theory of recombination are 
depicted. From the point of view of an individual (recombination) center, 
the complete recombination act is actually a two-step process whereby it 
first captures an electron and then a hole (or vice versa). The net 
effect is to annihilate an electron-hole pair, the trapping (or 
recombination) center being returned in the end to its initial state. 
Indeed, in many semiconductors the nonradiative transition is the dominant 
process. In pure Ge the radiative transition probability calculation from 
the van Roosbroeck-Shockley relation should correspond to a radiative 
lifetime of about 0.75 sec,2? yet the experimental excess carrier 
14 
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Fig. 4. Recombination Process, (a) Band-to-band (direct) recombination, 
(b) competing recombination process with (a) through an 
intermediate level in the bandgap. (c) four fundamental 
processes involved in recombination through traps 
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lifetimes rarely exceed a millisecond, and are often less than a micro­
second. This observation implies that the nonradiative recombination in 
Ge is at least a thousand times more probable than the radiative one. 
Moustakas29 has found that states at the Fermi level (i.e., midgap states) 
are likely to play an important role in the recombination, and the 
establishment of a correlation between the magnitude of and the 
density of midgap states is of extreme importance to the general 
understanding of the influence of the preparation conditions on ffp^. 
Photoconductivity is an especially important property of 
semiconductors. The reasons of relating photoconductivity to defect 
characterization are very obvious and excess carrier phenomenon such as 
photoconductivity are in general central to semiconductor devices. 
Although ESR gives invaluable information about the identity and the order 
of magnitude of a defect, it provides incomplete information since it is 
insensitive to nonparamagnetic (spinless) defects, and can not yield the 
full density of defect states. It is also insufficient to predict excess 
carrier phenomenon in a material. Yet, photoconductivity is sensitive to 
all midgap defect states since they are all efficient recombination 
centers. Photoconductivity is also very sensitive to modifications of the 
underlying materials and structures, and it is also an important monitor 
of excess carrier processes which underly most device applications. 
Therefore, it is attractive to study photoconductivity of materials to 
decode the physics of electrical transport, and recombination mechanisms. 
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D. Hydrogénation and Oxidation 
Hydrogénation is one of the most effective and well-accepted methods 
to reduce defects due to the dangling bonds in tetrahedrally-bonded 
amorphous semiconductors. Each hydrogen atom can tie up one dangling 
bond, referred to as the passivation of a dangling bond, and hence remove 
a defect state near the Fermi level from the midgap. Hydrogénation 
affects not only the density of gap states, but also the density of states 
in the conduction and valence bands.29 The removal of dangling bond 
states by hydrogen incorporation was manifest in the observation of a 
sharp reduction in spin densities^® and hopping conduction,31 the increase 
in photoconductivity^^ and the shift of the optical absorption edge to 
higher energy.33 The incorporation of hydrogen reduces the disorder of 
the network and results in both an increase of the optical bandgap and a 
decrease of the Urbach tail Eq,3^>35 because hydrogen reduces the number 
of weak and dangling bonds, replacing them by strong Si-H (or Ge-H) bonds. 
As discussed above, the midgap states will shorten the carrier lifetimes 
and hence degrade the photoconductivity. It was found that about 10%! 
cm"3 hydrogen atoms are needed to eliminate enough midgap states to 
display significant photoconductivity^ ^>37,38 while ESR results only 
indicated a spin density of up to 10^® cm~3 in pure a-Si. The presence of 
a great number of broken bonds not detected by ESR was inferred by Brodsky 
and Kaplan39 as that there are indeed dangling bonds per cm3, 
however, a large portion of these dangling bonds are able to pair up 
across microvoids, and thus give no ESR signal. 
The incorporation of hydrogen into the amorphous semiconductors is in 
general accomplished by glow discharge (GD) decomposition of hydrides,40 
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or by sputtering in an Ar + H2 plasma.However, sputtering 
technologies provide more direct control of the hydrogen incorporation, 
through the variation of the partial pressure of hydrogen, than is 
possible with GD film growth. Lewis et al. (1974) produced the first 
sputtered hydrogenated a-Ge films by sputtering from a Ge target in a 
mixture of Ar and H2.ll The subsequent work done by Spear and LeComber^Z 
(1975) on GD a-Si was a significant contribution to the amorphous 
semiconductor technology by virtue of the effect they observed that glow 
discharge material could be doped n-type and p-type. The doping of the 
material opened up possibilities for the fabrication of thin-film 
electronic devices, including photovoltaic solar cells. Paul et al.41 
(1976) demonstrated that sputtered a-Si;H could also be doped and that 
semiconductor junctions could be formed but with less efficiency than 
those produced by the GD method. Subsequent studies29,31,32 gf this 
difference in the efficacy of hydrogénation due to different preparation 
methods have resulted in suggestions that careful optimization of the 
deposition parameter space from sputtering could lead to a material with 
electronic properties similar to that produced by GD. 
Hydrogen incorporation was found to be much less effective in defect 
compensation in a-Ge than in a-Si and therefore resulted in materials with 
inferior quality (poorer optoelectronic properties than that of a-Si:H). 
The typical reported spin density is ~ 10^^ cm"^ in device quality a-Si:H. 
and ~ 10l7 cm"^ for a-Ge:H.25,43 current understanding of defects and 
transport in a-Ge:H is less developed despite early recognition of the 
ability to passivate defects with hydrogen. Paul^® studied the preference 
ratio for H-attachment to Si and to Ge and found that this ratio is over 
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ten, and seems to provide an argument for far more effective hydrogénation 
in a-Si:H than in a-Ge;H. However, he made a hypothesis, which is less 
firmly based than that concerning preference, as the following: it is 
that the Ge-H bond is less strong with respect to its competitors in a 
growing film (reconstructed, long Ge-Ge bonds, for example) than is the 
Si-H bond with respect to its competitors and the end result is a 
different microstructure which is more highly defective and contains 
relatively more weakly bonded hydrogen. This model fitted his 
experimental observations rather well. He then, in the same study, 
postulated that in relatively weak. Ge-H bonding condition, a different 
compensator might well make the properties of compensated Ge more similar 
to those of a-Si:H. He suggested the distinct possibility that oxygen (0) 
or fluorine may be suitable. He also indicated that the incorporation of 
0 has the additional advantage that it would promote the joining of growth 
islands and so reduce the volume of defect connective tissue. However, to 
the best of our knowledge, no results have been reported yet. 
The study of oxidation in amorphous semiconductors is not new. 
Paesler et al.l? (1978) reported significant increases in 
photoconductivity of their sputtered a-Si;H films upon deliberate 
incorporation of 0 (Pgg > 0.01 mTorr). Their oxygenated films are shown 
to behave much more like GD produced a-Si;H than do 0-free films. They 
suspected that earlier results on superior quality of GD produced a-Si;H 
over those sputtered ones could be due to the following two important 
factors: (1) the base vacuum used in GD method was typically order(s) of 
magnitude lower than that in sputtering systems, and (2) the chemical 
purity of gases used in GD is generally lower than that of gases in 
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sputtering systems. They found that 0 enters the amorphous matrix 
predominantly in an Si-O-Si bridging configuration such that bridging 0 
atoms might serve as network softeners, and such twofold-coordinated 0 
atoms could decrease the number of defects and thereby increase the 
recombination lifetime and result in an increase in photoconductivity. 
H. Fritzsche44 (1980) also found that defect transport (hopping transport 
introduced by N2 in plasma) is removed by the addition of small amounts of 
oxygen (e.g. 100 ppm O2 in 30 mTorr total pressure). 
As it seems that a little 0 is beneficial, however, higher amounts of 
0 are harmful to the quality of films since they result in a more porous 
morphology which usually implies more defects in materials and thus 
degrades the optoelectronic properties of films. 
E. Related Features in rf Sputtering 
I. Sputtering Yield and Deposition Rates 
Sputtering is one of the important techniques for depositing thin 
films in which energetic ions bombard the surface of a sputtering target 
and subsequently eject surface atoms by momentum transfer. Besides the 
neutral (sputtered) atoms liberated from the bombarded surface, many other 
events can occur at the target surface which may affect the film growth. 
In spite of the complex processes, sputtering is measured by the 
sputtering yield Y defined as the mean number of target atoms ejected per 
incident particle (usually inert gas ion). Not all of the surface 
phenomena involved that contribute to the yield are understood. However, 
a great deal of literature exists showing Y is related to momentum 
transfer from target ions to sputtered atoms. In the practical interest 
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range of energy for sputtering processes (10 - 5000 eV), Y increases with 
the incident energy and the mass of the bombarding ion (true from He to Ar 
but not necessarily true from Ar to Xe).45*46 
In an rf sputtering process, an rf field is set up between the target 
and the substrate, creating a plasma in which positive ions and electrons 
in the plasma accelerate towards the target during each negative and 
positive half cycle respectively. As the positive ions arrive at the 
target which is held at a negative potential, they reduce the target's 
negative voltage. Since the target's potential alternates at a very high 
frequency (13.56 MHz, in this work) and since most ions are sufficiently 
slow at this frequency, the positive ions at the corresponding negative 
half cycles of the rf power supply are unable to effectively reduce the 
target's negative potential before the rf power is switched to the next 
positive half cycle at which electrons are able to reduce the target's 
positive potential much more effectively due to the fact that electrons 
are much lighter and diffuse faster out of the plasma than the ions. This . 
leaves the plasma with a net positive potential and a resulting voltage 
drop at the target. The ions from the plasma are thus accelerated across 
the (negative) "sheath" to the sputtering target. The voltage vs. time 
characteristics of the target's self-bias voltage is depicted in Figure 
5^7 (this picture is only conceptual since the applied rf voltage is 
sinusoidal). A schematic picture of approximate potential vs. distance in 
an rf sputtering process is plotted in Figure 6.47*48 ^s clearly seen, a 
small sheath voltage builds at the substrate. Positive ions are formed 
closer to the substrate end of the "glow region" of plasma and are 
accelerated from this end, across the "dark space", to the target. The 
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accelerating potential they experience may be approximated as the voltage 
between the target and the substrate. It was assumed that each ion was 
singly ionized49 and it is also assumed that the ion current is comparable 
to and proportional to the rf current provided by the power supply.48/50 
Based on these assumptions, the expected Rj as determined from Y was given 
by 
Ptarget 
where is the estimated sputtering ion flux density, Ptarget the 
density of the target material. Y apparently determines largely, but not 
completely, the deposition rate of sputtered film. 
2. Thermalization 
In rf sputtering, the target atoms are sputtered and the majority of 
them leave the target with a relatively low energy of 5 - 10 eV. However, 
the distribution in energy has a long tail up to energies close to the 
incident ion energy^^ (several hundred eV). The likely effect of these 
high energy incident particles on the growing film is to create defects 
and thus to degrade the film properties. Anderson et al.53 speculated 
that the sputtered films suffer more high energy bombardment during film 
growth and that the resultant defects contribute to the high density of 
gap states which may or may not be effectively reduced by using the 
optimal deposition temperatures and the hydrogénation to the low level 
found in GD a-Si;H. They reported some significant improvement in ffpj^ and 
PL (photoluminescence) by increasing the Ar sputtering pressure and 
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Fig. 6. Schematic description of the voltage distribution in an rf 
sputtering process. Vp is the sheath voltage between the 
plasma and substrate, and Vgg is the self-bias which is 
responsible for the sputtering of the target (after Albers*?) 
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interpreted it as due to a reduction in energetic Si atom bombardment of 
the growing film with increased and thus a reduction in damage-related 
deep gap states. It seems plausible that there is a need for a 
thermalization process to reduce the energy of sputtered atoms to the 
background gas temperature before they reach the substrate to eliminate 
the bombardment during film growth which would influence the performance 
of photovoltaic devices. 
An increase in the target to substrate distance increases the number 
of thermalizing collisions which is eqivalent to that produced by the high 
gas pressure used in sputtering. The thermalized distance D increases 
with the mass and energy of the sputtered atom and with decreasing gas 
pressure.54 For the sputtered atoms being thermalized before reaching the 
substrate, the transport to the substrate is by diffusion.54 Westwood^^ 
derived the expression 
D = l/2lln(Eo/Eg)/ln(ÛE)]X(l+cos<e>) (6) 
where Eq is the initial energy of the sputtered atom, Eg is the gas 
thermal energy, AE is the average fractional energy loss per collision, X 
is the mean free path of the sputtered atom, and cos<G> takes into account 
the angular distribution of the ejected sputtered atom. From kinetic gas 
theory,55 X of a sputtered atom of mass Mg, travelling through a gas 
consisting of atoms of mass Mg is 
X-1 = (1 .11 X lol4)p(org + «Tg)2(l  + Mg/Mg)l /2/4 (7)  
where p is the gas pressure in mTorr and Cg and Og the cross sections of 
sputtered atom and gas atom, respectively. Anderson et al.53 applied 
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Westwood's analysis to sputtered Si and derived the expressions for X and 
D as the following: 
(cm) = 0.13 P^r (mTorr), and (8) 
D (cm) = PAr-l5.71n(Eo/Eg). (9) 
Figure 7 plots the D as a function of P^r^^ where Eg = 0.04eV (~ 200°C at 
substrate) was assumed. Since Eg/Eg is contained in a logarithmic 
parentheses, D is almost independent of Eq. AS can be seen from this Si 
thermalization curve (Fig. 7), ad > 3 cm would be required to thermalize 
the Si atoms of energy < 10 eV, and a d > 6 cm is needed to thermalize all 
the high energy (up to 1000 eV) Si atoms when P^j- = 10 mTorr is used. If 
a lower P^j- is used, then the thermalization will be achieved only at 
larger d. If a smaller d is used, then a higher P^j. is necessary to reach 
the thermalization condition. Similar behavior is expected also in 
thermalizing Ge target atoms but to a different extent. It is part of the 
goal in this work to find the thermalization curve for Ge atoms and this 
will be shown later. 
When D < d, the sputtered atoms arrive at the substrate by diffusion, 
and the atoms sputtered from one point on the target can be deposited at 
any point on the substrate. Thus, atoms sputtered from all points on the 
target form a "near-cosine" distribution and produce an almost plane front 
of atoms at a distance D from the target which diffuse towards the 
substrate.54 This plane front varies as 1/r where r is the distance of 
the front from the target since the density of atoms in the front 
decreases due to diffusion parallel to the front, therefore, an inversely 
linear dependence of Rj on d should be expected. 
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Higher energy electrons in the plasma mostly will, due to their low 
cross sections, pass through unattenuated. The hydrogen ions are not 
thermalized when d < 10 cm.^G Since D^j. < it may be less likely 
for Ar ions to cause considerable high energy bombardment of the 
substrate. Yet Ar+ ions are all accelerated towards the substrate by the 
bias of ~ 10 - 15 V whereas neutral Si atoms are not. 
3. Plasma-Film Interactions 
In rf sputtering, the sputtered neutral species from the target, 
thermalized partly or completely in passing through the plasma, arrive at 
the substrate where they condense. Yet there are also a number of other 
species arriving from the target or plasma that reach and bombard the 
substrate. There exists a sheath around the substrate across which the 
plasma potential is dropped (Fig. 6). Thus, the substrate will be 
bombarded by positive species from the plasma, including Ar+ and H+ as 
well as target atoms ionized by the Penning process.57 Since a high ac 
potential exists on the target (1-2 kV), fast electrons are created. 
These fast electrons from the target (essentially secondary electrons) 
will have sufficient energy to overcome the sheath around the substrate 
and cause substrate heating by bombardment. 
Charged particle bombardment of substrate was found to influence the 
film microstructure more than neutral particle bombardment.58 Bombardment-
effects by charged particles can be influenced by an external bias 
deliberately applied to the substrate. The roles of electron and positive 
ion bombardment of the thin film have been investigated by many 
groups.58>29,59 Earlier work of Paul and Anderson^^ identified the role 
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of bombardment of growing film. Undesired bombardment due to high energy 
incident particles can be reduced through the thermalization process as 
mentioned before, while a weak bombardment of the growing film is desired 
in reorganizing surface atoms, and the film quality is likely to 
deteriorate in absence of this desirable weak bombardment. Houstakas^® 
distinguished the roles of electron and ion bombardment as follows: 1) 
Positive substrate bias (i.e., electron bombardment) is beneficial on film 
properties since it delivers heat which enhances the mobility and thus 
thermal arrangement of surface atoms. 2) Negative substrate bias (Ar+ ion 
bombardment) leads to undesirable effects such as the promotion of 
columnar morphology due to preferentially sputter atoms off the internal 
surfaces or in between the growing columns, thus enhancing the 
columnar/porous morphology,^® and the dihydride bonding in a structure 
which is associated with the formation of microvoids. His results, 
however, are in disagreement with many others.61 Specifically, 
several groups produced high quality films^^»^^ using magnetron 
sputtering. For example, Rudder et al.^^ reported what is believed to be 
the best photoconducting a-Ge;H films prepared by magnetron sputtering. 
The main feature of this system is the relatively high film deposition 
rate and low electron substrate bombardment. Due to the controversy on 
the roles of bombarding species that leads to better film quality, so we 
intended to perform substrate biasing sputtering on a few samples in this 
work to determine which species bombardment is beneficial to the film 
properties (e.g., higher PC) or whether there is little effect. 
In addition to the electron and ion bombardment of the substrate, 
hydrogen plasma is also likely to influence the film growth by the etching 
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effect which is known for both c-Si and a-Si.®^ Since the plasma is in 
contact with both the surface of the target and the surface of the growing 
film, hydrogen plasma may react with both and form volatile SiH* (GeHy) 
species. This may in turn affect the structure of the surface layers of 
both the target and the film, and may also influence the sputtering yield 
at the target and the Rj at the growing film. 
Moustakas^^ reported earlier that the optoelectronic properties of 
sputtered (a-Si) films can be varied systematically over wide ranges. The 
early efforts were dedicated to eliminate or reduce the dangling bond 
states during the film preparation stage by the careful improvement of the 
deposition conditions and the optimization of deposition parameters such 
as partial pressures of argon and hydrogen gases, the target-substrate 
separation, and the substrate temperature. Another marked example was, as 
mentioned before, the deliberate incorporation of hydrogen into 
tetrahedrally bonded amorphous semiconductors during their deposition 
stages which leads to dramatic differences in optoelectronic properties 
from those of the unhydrogenated materials. 
The properties of hydrogenated amorphous semiconductors are very 
sensitive to the details of the preparation conditions. It was therefore 
the goal of this work to try to control and optimize various preparation 
conditions in order to better understand the effect of each deposition 
parameter on the properties of a-Ge:H and a-Ge^.j^C^sH films. 
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II. SAMPLE PREPARATION 
All of the films studied in this work were prepared by reactive r.f. 
sputtering, at 13.56 MHz. A schematic diagram of the sputtering system is 
shown in Figure 8. An r.f. generator and its matching network manufactured 
by Plasma-Therm Inc. generate an electric field to the target and the 
substrate holder and partially ionize the gases between the electrodes. 
The r.f. power was limited to 600 Watts. A 6" diameter polycrystalline 
Germanium (c-Ge) target was mounted on a water cooled stainless steel 
backplate located underneath the top plate of the chamber. A 1/8" thick 
copper slab 4" in diameter was used as a substrate holder. The copper slab 
was supported by a water cooled stainless steel pedestal of which its 
position can be adjusted in a verticle direction to allow variation of the 
target-to-substrate distance. A tungsten wire heater, used to control the 
substrate temperature during the sputtering process, was mounted onto a 
machinable ceramic heater 2" in diameter and 7/8" thick inserted between 
the slab and the pedestal. A Chromel-Alumel thermocouple which was in 
contact with the bottom side of the copper slab was used to monitor the 
substrate temperature. Figure 9 depicts the variation of the substrate 
temperature Tg versus the sputtering power used in this work. As can be 
seen from this figure, the reading of Tg by the thermocouple may differ by 
up to ~ 45°C before and after the rf power is turned off and it may be 
attributed to the interaction between the plasma and the thermocouple. 
Single crystal silicon wafers and Corning 7059 glass substrates were 
used for various type of measurements. Several pieces of substrates of 
each kind were used for extra samples prepared under the same conditions 
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and used to check uniformity of deposition. 
The background (base vacuum) pressure prior to each film deposition 
was about (4+3)xl0~^ torr. An AMETEK residual gas analyzer (RGA) connected 
to the system enabled monitoring the type and the pressure of the residual 
gases and the total pressure in the chamber. The RGA can also be used as a 
leak detector with the usage of helium gas as a tracer gas. Residual gases 
usually found in the chamber were: H, H2, H2O, CO or N2, O2, and CO2. 
During deposition, a DC sputtering voltage of about 1 to 2 kV was 
maintained between the target and the substrate. The a-Ge, a-Ge:H, and a-
Gei.jjCxsH samples were prepared (all use the same c-Ge target) by r.f. 
sputtering in an atmosphere of Ar, Ar + H2, and Ar + H2 + CgHg respective­
ly. The hydrogen and carbon content of the film could be controlled by 
varying the partial pressure of H2 or CgHg. After each deposition of 
amorphous germanium carbide film, a separate cleaning sputtering run of 
about ten to twenty minutes was necessary to etch clean the target surface. 
For electrical (dark conductivity and photoconductivity) measurements, 
a glass substrate was precoated with about 500 to 1000 Â thick aluminum 
(Al) patches as shown in Figure 10 to provide electrical contacts. The 
patches were separated by one or two gaps. This Al coated substrate was 
also partially masked and was placed on the copper slab for film 
deposition. The masked part of Al was then used as electrodes on which 
stripped copper wires were attached using carbon paint. 
Several samples were made using bias sputtering. A brass screen was 
Inserted between the target and the substrate about 2" above the substrate. 
The screen was positively or negatively biased by a DC power supply of 
maximum 40 volts relative to the substrate during the sputtering run. 
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III. SAMPLE CHARACTERIZATION 
A. Thickness Measurements 
Film thickness of each sample was measured mechanically with a Sloan 
Dektak stylus profilometer (accuracy + 1000 A). Corning glass substrates 
(usually two pieces in each deposition) which were partially masked during 
the sputtering were used for this measurements. Thickness was measured 
for both pieces of glass substrate and their average value was taken as 
the thickness of the sample. Approximately 95% of the measured thickness 
of the two pieces have a difference within 5% of their average value. 
To determine the optical band gap energies and the band edge 
absorption characteristics of the samples, a Gary model 14 dual beam 
spectrophotometer was used to measure the optical density of the deposited 
samples on glass from 3000Â to 20,000Â. A blank glass substrate was 
placed in a reference beam and the sample was placed in the sample beam. 
The optical density (O.D.) is defined as 
where Iq is the intensity of the incident light and I is the intensity of 
the transmitted light. The transmission is defined as 
so the relationship between T and O.D. can be obtained from (10), (11) 
B. Optical Measurements 
O.D. = logio[Io / I] (10) 
T = I / IQ, (11) 
T = 10-0'D'. (12) 
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The optical absorption coefficient a is defined by Lambert's law^^ 
where a is the absorption coefficient and d is the thickness. Thus, 
knowledge of d yields the absorption coefficient a. 
Figure 11 is a plot of the O.D. spectrum vs. wavelength for two 
typical samples. The interference pattern at the lower energy region is 
due to internal reflections in the film, resulting from the difference in 
the index of refraction between the film and the substrate. From the 
relation 
where n is the index of refraction and and X2 are wavelengths of two 
consecutive transmission maxima or two consecutive minima of interference 
fringes in the high wavelengths (low energies) region, the interference 
fringes can be used to evaluate the index of refraction or the thickness 
I = Iq e-« d (13) 
1 
2nd = (14) 
1 1 
of the sample if one or the other is known. T is given by39 
e-a d (i_R)2 
T = 
1 - R2e-2a d 
(15) 
where R is the reflectivity given by^^ 
(n2 - ni)2 (16) R = 
("2 + ni)2, 
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and assumptions have been made that light is at normal incidence and the 
transmitted light is interference free. R22 and R23 were used to 
represent the air-film and the film-substrate interface reflectivities, 
respectively. R12 x R23 was used to replace R^ and (1-Ri2)(l-R23) to 
replace (1-R)^ in Equation (15). The following values were used for 
various indices of refraction: n^ (air) = 1.0, n2 (film) = 4.5, and ng 
(transparent Corning glass) = 1.53. Equation (15) can be rewritten in a 
form of a quadratic equation in e~® and then solved for a, 
1 
ot =s — — In 
d 
• -(1-R)2  + 4(1-R)4 + 4R2t2 
2TR2 
(17) 
In the wavelength region where the interference fringes are negligible, it 
is deduced that the second term in Eq. (17) can be simplified and, 
combined with Eq. (12), the final form for a is then given by 
1 
a = — — In 
d 
10-0.D. 
.Tg( 1-R12)( 1-^23)-
(18) 
where Tg = 0.97 is the compensation factor for absorption in the glass 
substrate.47 Figure 12 is a semi-log plot of the optical absorption 
coefficient a vs. the incident photon energy hv and the spectrum can be 
divided into three regions A, B, and C as shown in the plot. The optical 
absorption in the low absorption region A is generally caused by 
transitions involving defect states in the amorphous film. The high 
absorption region of B and C exhibits a power law dependence of a on 
photon energy (frequency). Region B is mainly due to the transitions from 
39 
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Fig. 12. A schematic representation of the absorption spectrum of 
amorphous semiconductors. The regions A, B, and C are 
discussed in the text 
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localized tail states to delocalized extended states or to other tail 
states. Region C is dominated by transitions between valence band states 
and conduction band states. 
The optical energy gap Eg of amorphous semiconductors can be 
determined from the optical absorption data by using a relation suggested 
by Tauc et al.66 The information about the optical energy is mainly 
obtained from the high absorption region and in the amorphous cases the 
rise of a is not as sharp as in the crystalline cases due to the existence 
of a large density of gap states. It was found that amorphous 
semiconductors maintain the same local order (short-range order) as that 
in the crystalline counterpart^? and the concept of energy band gap in 
crystalline semiconductors was then extended to amorphous structures. 
Tauc's relation then is given by^G 
/Tiw" = B (hv - Eg). (19) 
In the derivation of Eq. (19), relaxation of momentum conservation and the 
parabolic behavior near the band tails as in crystalline structures have 
been assumed. The constant B in Eq. (19) represents the slope of the Tauc 
Plot and is related to the density of states in the valence and conduction 
bands.47 Tauc Plots of several samples with Eg between 0.8 eV and 2.3 eV 
are shown in Figure 13. 
For hv near and below Eg, the optical absorption has been found to 
behave as 
(E - E^) 
a(E) = So exp [ ] (20) 
Eo 
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where o^,, are empirical constants, and is approximately equal to Eg. 
The exponential edge behavior was first observed by Urbach^® in alkali 
halides and is called the "Urbach Edge." The energy Eq is defined as the 
Urbach tail parameter or coefficient and is determined from the inverse of 
the slope of plot of log a vs. E (or hv). For the samples in this work, 
Eq was found to lie between 0.2eV to 0.3 eV which is quite large compared 
to values found in a-Si;H, usually less than 0.1 eV.47 Large values of Eq 
indicate a higher density of tail states and hence greater local disorder. 
C. Infrared Measurements 
Infrared (IR) measurements of the vibrational modes were used to 
provide information about the bonding configurations of the atoms in the 
film, the hydrogen content and oxygen impurity contamination. They also 
provided a complementary determination of the film thickness and index of 
refraction of the film. Films used in IR measurements were those 
deposited onto single crystal Si substrates. IR measurements were made 
using a single beam Fourier Transform Infrared (FTIR) spectrometer IBM 
model IR98. Three typical IR spectra are shown in Figures 14-16. One of 
an a-Ge:H film, one of an a-Gei_xCx:H film, and one of a sample which 
contained a considerable amount of oxygen. 
Various absorption peaks appearing in the IR spectrum indicate a 
variety of vibrational modes involving different bonding configurations. 
The bonding configurations in a-SitH^^ are depicted in Figure 17 for 
illustrative purpose since the bonding configurations in a-Ge:H are very 
similar to those in a-Si;H. Each absorption peak in a-Ge:H is at a 
slightly lower frequency (wavenumber) than the corresponding one in a-Si:H 
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due to a higher atomic mass of Ge (72.59 amu) than that of Si (28.09 amu). 
There are mainly three absorption bands observed in a-Ge:H: 1) the Ge-H 
wagging mode (at - 580 cm~^), 2) the Ge-H2 bending mode (at ~ 780 cm"!), 
and 3) the Ge-H and the Ge-H2 stretch modes (at ~ 1870 - 1970 cm~^). Two 
more absorption bands are observed in a-Gei_xCx:H,69 the C-H^ (CH, CH2, 
CH3) stretch mode at 2850-3000 cm"^, and the overlapping bands of Ge-C 
stretch and C-Hn wagging from 750-820 cm"^. This band also overlaps the 
previously mentioned Ge-H2 bending mode to give a overall broad band and 
therefore the whole broad band was considered as a Ge-CH^ complex. Oxygen 
presence in the film is detected from the bulk Ge-0 stretch vibration band 
appearing at 850 cm-1.70 Table 1 listed the various vibrational modes and 
their wavenumbers for a-Si:H and a-Ge:H films. 
The concentration of hydrogen bonded to Ge atom is determined from 
the integrated intensity of the 580 cra"^ Ge-H wagging mode and the 1870-
1970 cm'l stretch mode using the equation^^»^^ 
Ng (cm~^) = A [a (w)/w] dw (21) 
where % is the concentration of bonds, A an experimentally determined 
proportionality constant, and 0(0)) the absorption coefficient at frequency 
(0. The integral is carried out over the entire absorption band of 
interest. The hydrogen content can also be obtained from Nuclear Reaction 
Analysis (NRA)^^»^^, and by gas evolution^^ in which the former method 
was usually used as an absolute calibration procedure for obtaining the 
values of the prefactor A that will be used in IR absorption through 
relation (21). The values of A for the various vibrational modes in 
Table 1. Some results on the assignments of various vibrational modes and the experimentally 
determined values of prefactors A in a-Si:H and a-Ge:H 
a-Si:H wave number 
(cm-1) 
640 840-890 2000 2100 2100 
Cardona (1983)^^ 
and 
mode 
bonding 
wag 
Si-H 
bend 
Si-H2 
stretch 
isolated Si-H 
stretch 
clustered Si-H 
stretch 
Si-H2 
Shanks et al. 
(1981)36 
A 
(10l*cm-2) 
1.6 20 2.2 17 9.1 
a-Ge:H (cm-1) 565 1895 1970 
Cardona (1983)72 Ge-H wag 
Ge-H2 roll 
stretch 
Ge-H 
stretch 
Ge—H2 
A 
(10l9cm-2) 
1.1 5 14 
a—Ge2H (cm-1) 575 760-825 1875 1960 
Catherine and 
Turban (1980)6* 
wag 
Ge-H 
bend 
Ge—H2 
stretch 
Ge—H 
stretch 
Ge—H2 
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a-Ge:H were reviewed by Fang et al.71 and Cardona^^ and are also listed in 
Table 1. Since the prefactors of the two overlapping stretch modes at • 
1890 cm"l (Ge-H) and 1970 cra~l (Ge-H2) differ widely, the concentrations 
calculated from the wag mode are more reliable. In this work, however, 
the hydrogen concentrations calculated from the two stretch modes were 
within 2% of those calculated from the wag mode. 
In a-Gei_jjCj{îH film, the concentration of hydrogen bonded to carbon 
was determined from the intensity of the various C-H stretch modes at 
2850-3000 cm~l using the calibration measurements of McKenzie,^! who 
estimates the prefactor A for the 2850-3000 cm~l mode and found its value 
is about lO^l cra"^. The calculated concentrations of C-H bonds from these 
stretch modes should be carefully viewed since those modes probably have 
widely varying A's in different complexes and environments.74,75 since 
Equation (21) only denotes the density of bonds per unit volume Ng (cm~^), 
the bulk atom density of the films is needed to determine the relative 
Concentration of the bonds. In carbon free films, the bulk density value 
of crystalline Ge (pc_Ge = 4.5 x 10^2 cm"^) was used to normalize the % 
to at. % by dividing it by p. In a-Gei_xCx:H films, the bulk density was 
determined by the relation p(x) = (l-x)pg_Qe + xp^.c where x is the carbon 
content as determined by Auger analysis^ ^i77 g^d Pc_c» the bulk density of 
diamond, is equal to 17 x 10^^ cra"^. 
D. Electron Spin Resonance Measurements 
Electron Spin Resonance (ESR) measurements were used to estimate the 
unpaired spin density. Measurements were made using a Bruker ER220 DSR X-
band ESR spectrometer. A Nicholet signal averager was used to sweep the 
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magnetic field, record, and process the ESR spectra. The samples used 
were those deposited on the glass substrates in which it has been cut into 
small strips of about 1/2" x A mm in size. Two standards were used; 1) a 
small quantity of Picein 80 which was known to contain 3.43 x 10^^ total 
spins was used for spin-density measurements. This standard exhibits a 
single line at a g-value of 2.0041 with a halfwidth of 4.7 gausses and a 
spin concentration of 2 x 10^^ spins/mg.^® 2) a DPPH sample was used to 
determine the g-value of the dangling bonds in the sample (ggpFH = 2.0036 
± 0.0003). The DPPH sample was found decaying appreciably in its spin 
count after every few weeks and hence was not used as the standard for 
spin counting. 
It is well known that the magnetic moment of a free electron is given 
by 
-» eh 
y = - g S = - gP s (22) 
2mc 
where f is the spin of the electron and g is the Bohr magneton = 0.927 x 
10-20 gj-g gausg-l. g is the spectroscopic splitting factor = 2.00232 for 
the free electron. When the free electron is in a magnetic field H, the 
magnetic moment of the electron interacts with the field and is 
characterized by an interaction energy 
E = - (23) 
and gives rise to the energy levels as shown in the diagram in Figure 18. 
The splitting in energy levels between the two electron spin states (spin 
up t and spin down <1) is 
E=0 
H (KG) 5 10 M=0 
Band Frequency 
DesiRnation (C HI) 
L 1.1 
S 3.0 
X 9.5 
Ku 23.0 
Q 35.0 
Ui t-k 
Fig. 18. The electron spin energy levels as a function of magnetic 
field strergth 
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ÛE = E^- = (+l/2)g(3 H - (-l/2)gg H = g(3 H (24) 
When this amount of energy difference, AE, Is matched by an electromag­
netic radiation which has an angular frequency % such that 
ÛE = h(^, (25) 
then transitions between the two energy levels may be induced and a 
quantum energy of ho^ is absorbed. These transitions and resonance 
absorption occur, by comparing Eqs. (24) and (25), when 
hto\j = gg HQ. (26) 
The resonance condition in Eq. (26) can, in principle, be produced by 
two approaches. The first method is to select a constant external 
magnetic field Hq, and then to scan the electromagnetic frequency w until 
the resonance condition is met and the resonance frequency cc^ can be 
evaluated from Eq. (26), which is 
(4) = (ge/fi) Ho = Y Ho (27) 
where 
Y = gp/h = (8.794 X 106).g Hz/gauss. (28) 
The second approach is to keep the electromagnetic radiation at a constant 
frequency cc^ while the external magnetic field H is swept over a certain 
range centered around a resonance field Hq which is calculated from Eq. 
(26). In this work the ESR measurements were done by using the second 
method mentioned above in the X-band (i.e., 8 - 12.4 GHz). The main 
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reason for this is based on the signal-to-noise considerations which is 
related to the constraints of the microwave cavity. A working definition 
of the Q factor (quality factor) of the cavity derived from bandwidth 
considerations is Q a v/ûv where v is the cavity resonant frequency and Av 
is the frequency difference between the 3dB power absorbing points. A 
high Q factor requires a narrow bandwidth of frequencies be admitted into 
the cavity. Conventional frequency swept experiments thus needs the 
tuning mechanisms to continuously retune the cavity and it would generate 
an appreciable level of noise and hence deteriorate its signal detection 
ability. A magnetic field Hg ~ 3400 gauss was required for a typical X-
band frequency of 9.5 GHz and g = 2. The range of H swept was about 3400 
± 100 gauss. 
The ESR signals were measured by inserting the sample into a micro­
wave cavity which was located at about the center of a large pair of 
magnet pole pieces. The ESR equipment uses a phase sensitive lock-in 
detection technique. A small modulation field (usually < one third the 
width of the magnetic resonance absorption peak) was used to yield a 
spectrum proportional to the first derivative of the absorption, i.e., 
dN/dH where N is the number of unpaired spins. The number of spins was 
calculated from this derivative spectrum. The sample spectrum was 
compared to that of a reference (Picein 80, in this work) spectrum and the 
number of spins in a sample was obtained by using the following formula?^ 
nS (cm-3) = nR [Hmod*] [G*] [NSR] 
[pS]l/2 [HmodS] [GS] [NSS] 
[AHppSj2(Y'S] [AS] 
(29) X 
[AHppR]2[Y'R [AR] 
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where the superscript R represents the Reference sample and S the film 
sample. ÛHpp is the peak-to-peak separation of magnetic field and Y' the 
amplitude of the derivative spectrum. G = gain, NS = number of scans, mod 
= modulation, and A = lineshape factor. A = 1.03 for a standard Gaussian 
line and 3.63 for a Lorentzian line.?? An interpolated value was used for 
a lineshape between Gaussian and Lorentzian. The lineshape for Picein 80 
is between Gaussian and Lorentzian and A^ = 3.28 was used. The spin 
densities (spins/cm )^ were ontained by dividing by the sample volume 
(cm )^. Hq, the resonance field , is the point where the derivative line 
passes through the base line. The g-value was obtained by using Eq. (27) 
and by comparing the Hq position of the sample to that of the OPPH sample 
such that the system drift can be evaluated and the correction due to this 
system drift can be made in the calculation of the g-value of sample. The 
g-value, ÛHpp, and spin density of a-Si, and a-Ge from previous reports 
are listed in Table 2. 
E. Conductivity Measurements 
1. Dark Conductivity 
The samples used in the conductivity measurements were of films 
deposited on the alumunum padded substrates. Those coplanar configuration 
samples are shown in Figure 10. The gap width of 0.3 ram was usually used 
for this measurement. A schematic diagram of the electrical circuit used 
in this measurement is shown in Figure 19 (a). The sample to be measured 
is connected in series with a standard resistor R (= 0.9 MS) and with a 
power supply, the resistivity of the sample can be calculated from the 
resistance across the gap and the geometrical factors of the gap. The 
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Table 2. Some results on g-values, peak-to-peak separations AHpp in 
derivative spectrum of applied magnetic field, and spin 
densities Ng of a-Si, and a-Ge. 
g-value ÛHpp (Gauss) Ng (cra~3) (Reference) 
a-Si 2.0055 ± 0.0055 4.7 2 x 1020 [80] 
a-Si 2.0055 5 3.5 x 10^9 [10] 
a-Ge 2.021 ± 0.001 39 1. x 10^0 [80] 
a-Ge 2.023 ± 0.003 50 [81] 
a-Ge 2.019 47 1 x lOl* [10] 
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equation for the resistivity is given by 
d L 
p = r 2-cm (30) 
W 
where d is the thickness of the sample, L is the length of the gap, W is 
the width of the gap between the aluminum patches, and r is the resistance 
of the sample across the gap. By measuring the power supply voltage Vg 
and the voltage Vr across the load resistance R, the sample dark 
resistance, rj, is given by 
ra . a. 
Vr 
and the (dark) conductivity of the sample, oj, is obtained by 
1 W 
oj = — = —— (S—cm) . (32) 
P r,jdL 
The conductivity measurements were carried out with Vg = 15 volts which 
corresponds to an applied field of 5 x 10^ V/cm for a sample with a gap 
width of 0.3 mm. 
2. Photoconduc tivity 
Photoconductivity (PC) measurements provided the major criterion for 
evaluation of the optoelectronic films. They involved use of chopped 
light and subsequent lock-in detection. The signals were expected to be 
small for all Ge-related samples so the lock-in detection technique was 
used for such small signals. The measuring circuit is depicted in Figure 
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Sample 
r 
Standard 
R? Résister 
Chopper 
Blade | ^ 
( a )  
To 
Lock-in 
Input 
Loser Light iiiii 
Sample 
Lock-in 
Amplifier 
( b )  
yfChopper 
From chopper 
to Lock-in 
Reference Input 
Fig. 19. A schematic diagram of the circuit used to measure (a) (dark) 
conductivity, and (b) photoconductivity of the samples 
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19 (b) and it is similar to that used in the measurement of aj with a few 
added components. Usually the Oj measurement was followed immediately by 
the PC measurement and the power supply voltage Vr was not altered. The 
window cover is removed to allow the (normal) incidence of the chopped 
laser light. The two terminals which were connected to a digital 
voltmeter now are connected to the input of the lock-in. The light 
chopper provides a variable range of chopping frequency f^ from about 10 
Hz to 10^ Hz and forwards an ac component to the reference input of the 
lock-in. The lock-in amplifier, an EG&G PAR model 128A, has a sensitivity 
range from 1 yV to 250 mV and a rated input impedance of lOOMQ which would 
not cause a loading problem when it is connected parallel to the 0.9 MS 
standard resistor. 
The light source was a He-Ne laser with a wavelength of 632.8 nm 
(photon energy 1.96 eV) and a beam diameter of about 1.8 mm. The laser 
shining area on the sample is roughly 0.03 cm x 0.18 cm = 5.4 x 10"^ cm^. 
The laser power delivered to this small area was measured by a power meter 
and was found about 0.85 mW. The intensity of incident laser light was 
then given by 
Iq = 0.85 mW/(5.4 x 10-3 cm?) = 1.57 x 10^ mW-cm-2. 
Considering that each photon has an energy of 1.96 eV, the above Iq can be 
expressed in terms of photon flux to be 
Iq = 5.0 X 10l7 (photons/sec-cm^). (33) 
Since previous reports^^'^^ usually involved an intensity of 1 x 10^^ 
photons/sec-cm^, the results of this work should be divided by a factor of 
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5 X 10^ in order to make comparisons with the others mentioned above. The 
mobility-lifetime (yt) product, an important quantity which relates to ffph 
per photon, was calculated from the relation^S 
UT = ffpj, d /(elg) (34) 
where d is the film thickness, e is the electronic charge, and Ip is the 
incident-light intensity. Care must be taken to eliminate boloraetric 
effects from the PC measurements. When light is absorbed in the film, its 
change in conductance, ÙZ, in general consists of two parts, i.e., a true 
pho'toconductive part ÛZp^ and a bolometric part which is given by®^ 
ûZbol ~ Z(Tth-2 + 4n2fc2)-l/2 2-1 (35) 
where fg is the chopping frequency, Z is the film thermal conductance, and 
Tth As the thermal time constant of the device. The of a-Ge sputtered 
on glass substrates is known to be ~ 10 ms.®^»®^ As can be seen, the 
bolometric part is large when f^ is low, and it becomes increasingly 
unimportant as the fg increases. In this work, as in others,15,82 the 
laser light was chopped at 500 Hz in order to effectively eliminate 
bolometric effects. 
The formula used to calculate the ac component of PC, 6e_, was given 
by84 
od^dL v(R + rd)2 
ûo„ = • (36) 
W VgR + v(R + rj) 
where rj is the dark resistance of sample, R the standard resistance, Vg 
the voltage of power supply, v the alternating voltage received at the 
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amplifier input, and W, d, and L are the width, thickness, and length of 
the film in the gap area, respectively. 
Since the laser was partially shining on the gap area of the film, 
care must be taken in calculating The treatment for the cases that 
the whole sample is illuminated and that the sample is partially 
illuminated are detailed in the Appendix. Eq. (36) is the result for the 
former case and the result for the latter one is given by the following 
equation: 
\j(R+rd)2 
A(t„ (37) 
WL2 VgR+v(R+rd) 
where Ig = 1.8 mm the length illuminated by laser light. By comparing Eqs. 
(36) and (37), one can see that a compensation factor (L/L2) is included in 
the calculation of for the case of partially illuminated samples. From 
Eqs. (31), (32), and (37), one can obtain rj, cy, and respectively by 
measuring Vg, Vj^, v, and geometrical parameters (d, W, L) of a film 
deposited in the gap area. 
The alternating component of the PC measured using chopped 
illumination depends on the chopping frequency fg. Chopped light can be 
considered as periodic and symmetric square modulation of light pulses. As 
shown in Figure 20 (a) and (b), tg = l/(2fç) is the duration of the light 
pulse, Iq the light intensity, and T the carrier lifetime. For the case of 
tg » T (Figure 20 (a)), the steady-state PC may be established during the 
illuminating period and decrease to zero during the period of darkness. In 
this case, the amplitude of the alternating component of the PC, Aa_, is 
equal to the steady-state PC, 
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r Dork- Dark-
itoito I 
Aa-st^^O 
(o)  
lA 
(b) 
Fig. 20. The dependence of the alternating component of the photo­
conductivity on the chopping frequency fg for (a) tg » T, and 
(b) tg < T where tg = l/(2fj,), is the duration of the light 
pulses, T is the carrier lifetime, Ig is the light intensity, 
ûa~ is the ac component of the steady-state photoconductivity 
Aogt (after Ryvkin®^) 
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When tg < T, it corresponds to the case when the steady-state PC 
cannot be established in tq (Figure 20 (b)). Assume a sample which is in 
darkness before the moment t = 0 is illuminated from t = 0 until t = tg. 
The PC increases according to the law 
ûff = Ao(l - e-t/t) (38) 
where Aq is the steady-state value ÛOgj-. However, the illumination ceases 
at t = tg and the PC begins to decay according to the relation 
AFF = AIE'T/T^ . (39) 
The PC decreases during the dark interval to a value smaller than that to 
which it rose in the preceding illuminated interval since A^ < Aq. The 
similar behavior repeated again and again and finally, as shown in Figure 
20 (b), an equilibrium state is reached with the variation of Ae lies in 
the center of the steady-state value Acxg^.. The PC thus has a constant 
component equals to and an alternating component the amplitude 
of which is measured experimentally. 
It is easy to deduce the relationship between and Actq^  in terms 
of tg and 
^0 
= Aagj. tanh — . (40) 2t 
Therefore, it is concluded that with increasing fg the experimentally 
measured value of Aa„ decreases and departs more and more from Acxg^. On 
the other hand, AE_ = AAGJ. when tq » t. As an example, assuming that t 
is 1 ms, and using f^ = 500 Hz which gives tp = 1 ms, then the 
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corresponding value of tanh[tp/CZx)] is tanh(0.5) which is about 0.46. 
When Û<T^ is measured, the steady-state PC Affgj. is obtained by multiplying 
Û<T« by a modifying factor l/tanh(0.5) which is about 1/0.46 = 2.17. 
The value of T can be estimated experimentally by investigating the 
dependence of true Aa„ on tq and it is shown in Figure 21 where the 
dependence of Aff„ is plotted vs. the frequency of light modulation. Since 
tg = l/(2f(,) Eq. (40) becomes 
6c_ = ûffgt tanh[l/(4Tf)]. (41) 
To calculate t from the true curve = f(fc) we can draw a line 
parallel to the frequency axis at a height of 0.76 (since tanh 1 = 0.76) 
from the maximum and drop a vertical line from the point of intersection 
onto the frequency axis, which cut at a frequency equal to 1/(4%). The 
value of T is thus equal to l/(4f). Another way to estimate x is to 
choose two points on the true Aa„ curve, use Eq. (41) to set up an 
equation to solve for t: 
(AOl tanh(l/(4fiT)] 
(42) 
(AO2 tanh(l/(4f2T)] 
From now on, the steady-state PC, Affg^., that has been modified by the 
bolometric effect and the partial-area illumination will be denoted 
P. Annealing 
Several selected samples were sealed in pyrex tubes to 10"^ - 10"^ 
torr and isochronally annealed from 100°C up to 400°C. The annealing time 
was varied from one hour to a few days. A few samples were annealed in 
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Fig. 21. The dependence of the ac component of photoconductivity on 
the chopping frequency. is normalized by dividing it by the 
value of steady-state photoconductivity and T is the 
carrier lifetime (after Ryvkin®^) 
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air in order to see the oxygen diffusion effects after each annealing 
step. In general, each annealing was followed by an IR, ESR, and optical 
density measurements. X-ray analysis was occasionally done to verify that 
the films were still amorphous after annealing. Information and results 
obtained from the above measurements with respect to the annealing 
temperature usually can reveal interesting insights about the cause and 
nature of the changes occurring upon the variation in annealing 
temperature. 
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IV. RESULTS AND DISCUSSION 
Both unhydrogenated and hydrogenated amorphous germanium films can be 
prepared by r.f. sputtering and this flexibility is unattainable in r.f. 
glow discharge (GD) deposition system which can only yield hydrogenated 
samples from decomposition of silane (SiH^) or germane (GeH^). In this 
work, several series of r.f. sputtered a-Ge, a-Ge:H, and a-Gei_xCx:H 
samples were prepared and characterized. Since the composition and 
optoelectronic properties of samples are very sensitive to the preparation 
conditions and the experimental results differ from laboratory to 
laboratory, the establishment of local deposition data is necessary. Due 
to the high dimensionality of the field of film deposition parameters, 
once a parameter has been optimized, its optimal value is retained during 
the optimization of other parameters. These deposition parameters include 
target-to-substrate distance d, r.f. sputtering power P, flow rate (of 
argon gas line) f, substrate temperature Tg, and partial pressures of the 
sputtering gases P^r, Pgg, and Pg^Hg (for carbonated films). The ranges 
of variation of these parameters are as follows: P varied from 50W (0.27 
W/cm^) to 600W (3.3 V/cm^), d from 1 inch to 8 inches, f from 0.01 to 15 
seem, P^j from 2 to 40 mT, Pgg from 1 to 9 mT, PC3H8 froM 1 to 12 mT, and 
Tg from slightly above room temperature (plasma temperature, which depends 
on P, from about 30°C for P = 50W to about 130°C for P = 600V) to 300°C. 
The films were then characterized using optical, IR, ESR, and conductivity 
measurements. Results of these measurements and the roles of particle 
bombardment of the growing film are discussed. 
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A. Deposition Rates 
The deposition rate Rj was calculated by dividing the measured film 
thickness by the sputtering time. The deposition rates were found, as 
expected, to increase sharply with increasing sputtering power P in all 
series of samples. Figure 22 (a) and (b) shows Rj vs. P for a-Ge:H and 
a-Gei_j{Cjj:H samples respectively. The incident energy of Ar ions, as 
mentioned before, can be approximated as equal to the voltage applied 
between the target and the substrate during the sputtering. This voltage 
was found to vary nearly linearly with the sputtering power provided that 
all other parameters remain constant, as can be seen in Figure 23 (a). 
The sputtering yield Y for Ge targets, as compiled by Anderson and Bay®^ 
see Southern et al.86) was found to have a linear dependence on the 
incident ion energy from 1 keV to 5 keV (Figure 23 (b)). Thus, a higher P 
$ 
gives a higher ion incident energy which leads to a higher Y, and this 
results in a larger Rj according to Eq. (5). The linear behavior 
mentioned above may explain the linear dependence of Rj on P showed in 
Figure 22. However, Y for Si targets is not linear^G over this range and 
this probably indeed explains the non-linear dependence of Rj on P in Si 
material. 
One sample (No. JV4, a-Ge:H) which has similar deposition parameters 
as one studied in Albers' work (No. #123, a-Si:H) is used to estimate the 
predicted Rj. The result is compared to the observed Rj of JW4 and is 
shown in Table 3. The ratio of the predicted Rj of a-Ge:H film (JU4) to 
that of a-Si:H (#123) under the similar sputtering conditions (e.g., d, P, 
PAr» etc.) were calculated by using Eq. (5) as follows: The range of dc 
voltage for a-Ge;H system from 50-600 W is ~ 1.0 to 1.3 KV and the 
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yield on ion energy, (a) The dc voltage between tbe target and 
the substrate vs rf power of rf sputtered a-Ge:H films, and (b) 
the sputtering yields Y vs the incident ion anergy of Ge and Si 
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corresponding range for a-Si:H is ~ 0.25 to 0.8 KV^^. The dc voltages of 
two samples used (mentioned above) for comparison are 1.2 KV and 0.5 KV 
for a-Ge:H and a-Si:H system, respectively. The corresponding target 
currents for the former is ~ (150 W/1,200 V) = 0.125 ampere and is ~ 0.3 
ampere for the latter. Y - 1.6 for Ge target and ~ 0.4 for Si target,®^ 
Ptarget Ge is 4.5 x 10^2 and is 5.12 x 10^2 for Si. Thus, 
(Rj )Ge Ygg 5.12 X 1022 0.125 
th 
=  —  — — = s  S  1 * 9 0 "  ( 4 3 a )  
(Rd )si Ysi 4.50 X 1022 0.3 
th 
where subscript th denote theoretical. The ratio of the observed Rj of 
a-Ge:H to that of a-Si:H is^? 
(Rj Ge/Rd Si) = 5.74/1.49 = 3.85. (43b) 
obs obs 
The same sample of a-Ge;H was used to estimate the predicted value of Rj 
by using Eq. (5). Assuming ions are all singly ionized, the ion flux 
density J^on 
I (0.125/1.6 X 10-19) 
Jion 
Target Area il(6 x 2.54)2/4 
= 4.28 X 10l5 cm-2sce-l (44) 
where the target diameter is 6". The predicted Rj for Ge film is thus 
Rj = 1.6 X (4.28 X 10l5cm-2sec-l)/(4.5 x 1022cm-3) 
th 
= 1.52 X 10-7 cm/sec = 15.2 A/sec. (45a) 
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The ratio of the predicted to the observed Rj of a-Ge;H (JW4) is 15.2/5.74 
= 2.7. Yet the same ratio for a-Si;H (#123) obtained by applying the 
similar calculation as done in Eq. (45) is 8.35/1.49 = 5.6. The agreement 
among these ratios is well,as can be seen in the following example 
®d Ge K^d Ge)/(Rd Ge^l ^ (^d Ge) 
obs obs th th 
Rd Si [(Bd Si)/(Rd Si)J ^ <®d ^Si) 
obs obs th th 
(1/2.7) 
= X 1.9 = 3.94, (45b) 
(1/5.6) 
which agrees reasonably well to that obtained from Eq. (43b). 
The Rj are strongly affected by d and the result is shown in Figure 
24 (a) and (b). As expected, Rj varies with d in a inversely proportional 
relationship which is attributed to the thermalization and diffusion of 
sputtered target atoms and has been described before. 
Figure 25 shows the Rj vs. a-Ge;H films. The trend of the Rj 
is becoming more flatter at larger d's which can be attributed to the fact 
that thermalization is already more pronounced at a larger d so the effect 
of thermalization due to an increase in P^j. becomes smaller. When d is 
small (e.g., d = 1") most sputtered Ge atoms are not thermalized, as seen 
in Figure 25, over most of the P^r range except for rather large P^r'^* 
Under this situation Rj simply increases almost linearly with increasing 
P^j. since more incident Ar ions eject proportionally more Ge atoms. 
The relationship between the thermalization distance D and P^g. can be 
evaluated as follows: Use Eq. (7), Mg = 39.948, Mg = 72.61 (Ge), ag = 
0.36 (interpolated), and Og = 0.29 nm (Ar), to obtain 
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Table 3. Predicted and observed deposition rates and their ratios of 
a-Ge:H (No. JW4) and a-Si;H (No. #123)47 films. Important 
sputtering conditions are also listed 
Sample Target- POwer Y V Rj Rj (Rj ) 
dc th obs th 
No. Sub.Dist. (mT) (mT) (W) (KV) (A/sec) (A/sec) (Rj ) 
obs 
JW4 1" 10 2 150 1.6 1.2 15.2 5.74 2.7 
#123 1" 10 .5 150 .4 .5 8.35 1.49 5.6 
X-1 = 0.197PAr (46) 
From Westwood's work^^, it can be found for Ge, that AE = 0.55, |lnûE( = 
0.598, <0 > = 25°, and cos<0 > = 0.9063. Therefore, Eq. (6) becomes 
D = l/2[ln(Eo/Eg)/0.598][1/(0.197PAr)](l + cos<8 » 
= PAr'^8.1 ln(Eo/Eg) (47) 
Assume typical value of Eq = 10 eV, and assume the substrate is at about 
50°C, Eg = 0.029 eV. Then Eq. (47) reduces to 
D = 47.3 PAr-1. (48) 
The plot of D vs. P^r for Ge atoms is shown in Figure 26. The curve of Si 
atoms from Figure 7 is also reproduced for comparison. As clearly seen, 
sputtering using Ge target generally requires larger d than that using Si 
target to thermalize the sputtered atoms and produce better quality films. 
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For a-Gei_xCx:H films, although not displayed, they generally show similar 
trends as displayed in Figure 24 and Figure 25. 
The dependence of Rj of a-Gei_xCx:H films on Pgg is shown in Figure 
27. It decreases monotonically as Pgg increases. Hydrogen plays complex 
roles in the film growth, microstructure, bonding configurations, and film 
properties. The role played by hydrogen during the film growth has been 
the subject of many investigations®^and the results in this work 
are consistent with previous studies. In rf sputtering, there are three 
possible places, i.e., target, gas phase, and substrate, where the H atoms 
and Ge atoms can react. The gas phase reactions are considered 
unfavorable since the simultaneous conservation of energy and momentum 
cannot be done in a two body interaction and the presence of a third body 
is required.29 Reactions between the target material and the reactive gas 
are hence required to occur at a surface, either at target surface or at 
substrate surface or both.29 Beacuse of its high mobility, the hydrogen 
would be expected to carry a large fraction of the discharge current, 
while the sputtering yield of hydrogen is practically zero.52 As a 
result, a large fraction of the measured current is due to carriers which 
produce no sputtered material, and thus no contribution to the film 
deposition rate. Yet, higher partial pressures of hydrogen will result in 
an enhanced etching effect and thus films tend to grow slower. Since the 
substrate temperature Tg is related to the mobility of hydrogen atoms on 
the surface of Ge atoms, and Rj in this work has shown little dependence 
on Tg the etching of the film by the hydrogen plasma is probably not 
significant. Rj is much more effectively lowered by the presence of many 
gases other than Ar and Propane (CgHg) may decompose partly or 
200®C 
lOOeV-
100 eV 
10 eV 
G\ 
2 4 6 8 10 12 14 
PaXmTorr) 
Fig. 26. The dependence of thermalization distance of Ge atoms leaving 
sputtering target with energies of 10, 100, and 1000 ev, plotted 
as a function of the argon sputtering gas pressure 
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Ph (mT) 
Fig. 27. The deposition rate vs hydrogen partial pressure of a-Ge^.x^x*^ 
films. 0-100 V rf power, 12 mT Ar, 2 mT propane; • - 300V rf 
power 12 mT Ar, 2 mT propane; Y-300 V rf power, 9 mT Ar, 4 mT 
propane 
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largely in the discharge into hydrogen and carbon. The former has a 
negative effect on Rj as mentioned above, while the latter also reduces Rj 
due to the formation of GeC based radicals at the target. Thus, the higher 
the pressure of propane, the more likely it is to reduce Rj. Figure 22 
(b) and Figure 27 showed this dependence in which the branch of samples 
that has less CgHg pressure has a higher Rj. The target surface which is 
blackened after each sputtering run of carbide films needs to be cleaned 
to sputter off the C atoms before the preparation of new samples. 
As also can be seen in Figure 25, the flow rate of gases only weakly 
affects R(j, which increases slightly when the flow rate decreases. 
B. The Energy Gap 
The energy gap Eg extrapolated from the Tauc plot was shown in Figure 
13. Note the very wide range of values that Eg spans. It is very clear 
that the preparation procedure employed in this work yields films with Eg 
values extending over a very wide range from 0.8 - 0.9 eV up to about 2.3 
eV. As expected, the higher values of Eg correspond to higher C content 
of the films. The films that exhibited a gap of 1.8 and 2.3 eV were 
essentially a-C:H films (i.e., the Ge content was less than 0.1%). A 1.43 
eV gap film (not shown in Figure 13) was a-Geo.5Co.5sH. Most of the other 
films studied in this work have a C content < 15% and their gaps are 
essentially in the range of those of a-Ge:H films. 
The dependence of Eg on the rf power P and the hydrogen partial 
pressure Pgg is shown in Figures 28 and 29, respectively. The strong 
decrease in Eg with increasing F is similar to that in a-Si:H®®»^^, while 
the correlation and the dependence of Eg on Pgg displays an opposite 
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trend. The increase of Eg with increasing hydrogen incorporation could be 
attributed to either a decrease in the number of band tail states or the 
result of Ge-H alloying.47 The alloying effect in a-Si;H seemed like a 
more plausible explanation for the observed increase in and it is 
also assumed in Ge films. 
By changing P, the hydrogen concentration of the film being deposited 
was changed. Deposition at higher P's usually gives lower concentrations 
of hydrogen and thus a lower Eg is expected. However, the real nature of 
this decreasing Eg upon increasing F is not yet clearly known. 
In this work, Eg increases insignificantly with increasing substrate 
temperature Tg up to 300°C. Eg is also found to be insensitive to other 
deposition parameters such as d, and f. 
C. Hydrogen Bonding and Spin Densities 
In a-Gei_jjCjj:H films, hydrogen bonding spans the range of high 
concentration of Ge-H bonds and low C-H ones to the opposite extreme. It 
is found that in all high C content films, the C-H bonds concentration was 
equal to or larger than the concentration of C atom. This implies that a 
large, or even dominant, fraction of the C atoms are bonded to two or 
three H atoms, even when the total concentration of bonded hydrogen atoms 
is not large. Since group IV atoms bonded to two or more hydrogen atoms 
are usually located the surface of a microvoid, it is thus speculated that 
a substantial fraction of C atoms in the Ge-rich films reside at the 
(internal) surface of such microvoids. 
Interesting features on the IR absorption bands related to changes of 
concentrations of Ge-H and C-H bonds were observed. The concentration of 
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Ge-H bonds is strongly dependent on P, and invariably decreases with 
increasing P, but the concentration of C-H bonds does not appear to be 
directly related to either P or hydrogen pressure. This is probably due 
to the direct deposition of CH^ groups on the film and this would probably 
also account for the large concentration of C-H bonds relative to the 
total concentration of C atom. 
In uncarbonated films, hydrogen concentration calculated from the 
integrated intensity of the Ge-H wag mode at 585 cm~^ was found to 
decrease with increasing Rj and is shown in Figure 30 (a). However, it is 
a little complicated in carbonated films in which the Ge-H bond 
concentration attains an maximum at a Rj = 2 A/sec and drops at higher Rj 
as indicated in Figure 30 (b). The concentration of Ge-H wag is higher in 
carbonated films which may be due to the partial contribution of the C-H 
wag extended into the Ge-H wag because their frequencies are very close. 
The ESR spin counts in this work calculated from Eq. (29) ranged from 
2 X 10l7 to about 2 x 10^  ^ cm"^, and the room-temperature derivative peak-
to-peak linewidths ranged from 67 to 12.5 G (Gausses). An ESR room-
temperature derivative spectrum of a typical a-Gei_xCx:H sample is shown 
in Figure 31. According to Shimizu et al.10 the ESR signals in the alloy 
systems are not always a single symmetric line nor a mere superposition of 
two signals. They shown that the ESR of unhydrogenated a-Gej^.^C^ films is 
an asymmetric sum of at least two lines and the envelope linewidth of 
which varies from about 6 G in a-C to about 50G in a-Ge. Yet almost all 
of the films studied in this work show nearly symmetric ESR lines, 
although the linewidth does vary over a similar range. It is also 
observed that there appears to be no correlation between the C or H 
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Fig. 31. An Electron Spin Resonance (ESR) room-temperature derivative 
spectrum of a typical a-Gei.jjC^rH film (sample No. JW 69) 
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content of the films and the ESR linevidth. The linevidth is almost 
temperature independent as will be seen in Figure 44. The dependence of 
the spin density in films sputtered in 10 mTorr Ar, 1 mTorr H2, and 2 
mTorr CgHg on the rf sputtering power is shown in Figure 32. The ESR line 
shape of these films (sample No. 69, 70, 71, 72, and 73) was symmetrical, 
and the derivative peak-to-peak width ÛHpp = 30 ± 5G. The rf power, Rj, 
Eg, the H content (in at. %), AHpp, the spin density, and the g-value of 
these films are listed in Table 4. The spin density dropped by more than 
one order of magnitude as the rf power increased from 50 W up to ~ 300W. 
The g-value at a low rf power which has a high gap (1.43 eV) is 
essentially that of a C dangling bond (2.003) and the g-value reaches the 
value of a Ge dangling bond (2.01) as the rf power rises. 
Figure 32 is very significant. The presence of microvoids has been 
correlated to dihydride and trihydride bonding and the surfaces of such 
structural defects are more likely to have Si (or Ge) atoms bonded to two 
or more H atoms. Therefore, dihydride bonding is usually associated with 
internal surface of microvoid. Knights et al.89'90'91'92 showed that 
dihydride bonding concentration (i.e., [Si-H2]) is roughly proportional to 
the internal surface area. Paul et al.*3 also showed that the dangling 
bond density pqq is proportional to the internal surface area in a-Si. It 
is therefore reasonable to assume^* that pgg = A[Si-H2] where A is a 
proportionality constant. Here it would also be reasonable to assume that 
the above issues also apply to a-Ge-related materials. Albers^? also 
found that the concentration of such sites, i.e., internal surface sites, 
apparently increases with decreasing rf power. This implies that high rf 
power will reduce the density of internal surface sites, and thus reduce 
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Fig. 32. ESR spin densities in a-Gei_xCx:H films rf sputtered in 10 mT 
Ar, 1 mT H2, and 2 mT CgHg. The derivative peak, to peak 
linevidth vas 30 d:5 gauss, and the lineshape nearly symmetrical 
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Table 4. The rf power, deposition rate, energy gap Eg, Ge-H vag mode 
concentration, ESR linevidth AHpp, spin density pgg, and 
g-value of a-Gei_xCx:H samples (sample No. 69, 70, 71, 72, and 
73). These samples were sputtered at 10 mT of Ar, 1 mT of H2, 
and 2 mT of CgHg 
Sample rf Deposition Eg iGe-hyag] 
^PP PDB g-value 
No. power Rate 
(JS) (W) (A/sec) (eV) (%) (G) (cm-3) 
69 50 1.3 1.43 11.3 24 2.0 x I0I9 2.0025 
70 100 2.3 0.96 14.5 28 9.3 x i0i8 2.0060 
71 200 4.2 0.94 11.8 32 2.8 x I0I8 2.0081 
72 300 6.0 0.91 13.4 35 7.6 x 10l7 2.0093 
73 450 6.4 0.90 10.8 26 1.1 x i0i8 2.0088 
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pQg. The fact that the density of weak bonds, constructed by the pairing 
of dangling bonds on the internal surfaces of the films, and the previous 
experimental evidence that the Ge network contains higher density of weak 
bonds than a-Si:H, indicates that Ge materials contain a higher density of 
microvoids than a-Si;H similarly prepared. However, from Figure 32, a-Si 
and a-Ge exhibit similar behavior in reduction of the microvoid density at 
high rf sputtering powers. Figures 33-38 show the IR spectra of the Ge-H 
stretch mode in samples at rf power from lOOW - 600W. It can be seen that 
the dominant peak shifts from about 1900 cm~^, a frequency between Ge-H2 
and Ge-H stretch modes, to about 1850 cm"^ which is apparently the 
frequency of the Ge-H stretch (monohydride). This frequency shift versus 
rf power is plotted in Figure 39. At a high power (e.g., > 600W) stretch 
modes are almost absent, and at a lower power (< lOOV) the dominating peak 
may be predicted as approaching the Ge-H2 stretch (dihydride) mode around 
1960 cm'l. This trend confirms the above statement that high rf power 
will produce materials which contain essentially monohydride bonding and 
lower rf power will lead to a higher dihydride bonding concentration that 
is usually associated with the microvoids and thus poor quality film. 
D. Dark Conductivity and Photoconductivity 
Figure 40 shows the (chopping) frequency dependence of the ac 
component of the PC {taJ) for three typical samples. All the curves have 
almost the same slope, indicating similar thermal time constants and 
excess carrier lifetimes. Since AE = + AEp^, where E represent the 
conductance as indicated before, there is a need to estimate the 
bolometric effect and obtain the true AZpg by substracting the bolometric 
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term AZyol from the measured ÙZ. For a rough estimate, it may be assumed 
that the bolometric effect is dominant at very low chopping frequencies 
and essentially AE = ^^bol* Choosing two low f^ points on the measured 
curve (e.g., 13 and 30 Hz) and using Eq. (35), one can find the values of 
and E, and subtract AZygi from the measured àZ at corresponding 
frequencies to obtain the true AEpg. From Eq. (42), one finds the carrier 
lifetime x and steady-state PC, cTpj^. The results of three selected 
samples are listed in Table 5 and are also shown in Figure 40, in which 
the (TphS are marked and the true Acpg curves are shown by dashed lines. 
As can be seen in Table 5, the average lifetime is a little less than 1 ms 
and ffp}} is about twice the value of the measured ûffp^ at f^ = 500 Hz. 
The range of dark conductivity oy of films is 10"^ - 10"^ Sr^cm"^ and 
most films are - 10"^ ST^cm"^. ffp^ was found to increase as oj increases. 
This phenomenon also was observed in a-Si:H^^ and can be attributed to the 
change in carrier mobility which causes the parallel increase or decrease 
of both oj and ffp^. In Figure 41, the dependence of og and ffp^ on d is 
shown. The values of d which optimize Cpjj are around 5" - 6". The 
smaller the d, the stronger the bombardment of the growing film, and the 
larger the d, the weaker the plasma-film interaction due to the 
thermalization of incident ion energies. Thus, the PC measurements 
indicate that both too strong and too weak deposition processes will not 
be able to produce good quality films. The larger thermalization distance 
used in depositing high PC a-Ge;H films than that used in a-Si;H (about 1" 
to 2")^^ were reported by several groupsl5,53 where d = 10" - 18" was 
used. 
Figure 42 shows the dependence of Cj and ffp^ on P^j.. The optimal 
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value of P^j. is about 12 - 15 mT. It is well known that Ar bombardment of 
the growing film plays an important role in determining the film 
quality.53 Relatively high or low Ar pressure will result in inferior 
film quality. Yet, there exists a range of moderate which results in 
Table 5. Carrier lifetimes, device thermal time constants, and 
photoconductivities at a chopping frequency of 500 Hz of three 
samples 
Sample T A%ea ^®bol ^<^pc multiplying Cph 
No. (ms) (ms) (500Hz) (500Hz) (500Hz) factor steady-state 
(2-lcra-^ (Sr^cm-l (Srlcm-l) l/[tanh(l/4fT)] (ST^cm-l) 
aW63 5.8 0.93 4.7x10-7 2.0x10-? 
JW50 5.0 0.70 3.0x10-7 i.5x10-7 
JW16 5.7 0.86 6.2x10-8 3.0x10-8 
2.7x10-7 1.96 5.4x10-7 
1.5x10-7 1.64 2.4x10-7 
3.2x10-8 1.92 6.2x10-8 
a weak or moderate ion bombardment of the growing film which is beneficial 
in removing loosely bound structure from the growing surface. Paul et 
al.93 find a correlation between Ar content and the void volume in a-Ge, 
suggesting that Ar atoms may inhabit the "voids". Moustakas^^ also 
indicated that hydrogenated films produced at higher Ar pressures are 
highly contaminated with oxygen and other impurities and porous. 
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The dependence of aj and ffph on the pressure of H2 is shown in Figure 
43. Hydrogen incorporation largely reduces the dangling bond density and 
results in an increase in photoconductivity. 
From Figure 44 we can see that both oy and cTpjj increase as the 
partial pressure of CgHg decreases and this effect is far pronounced at 
very low CgHg pressure. Higher pressures of CgHg result in films with 
higher C content, higher energy gaps, and thus a lower dark conductivity. 
Although this hydrogenated alloy displays a similar effect of dangling 
bond elimination by H atoms, the hydrogénation is not as effective as that 
in a-Ge:H. The value of Oph of low carbon content films is comparable to 
that of the best a-Ge:H in this work. 
The dependence of oy and ffpj^ of a-Ge:H and a-Ge^.^C^sH films on the 
flow rate is shown in Figure 45 (a) and (b), respectively. Interestingly, 
aph at low f is almost twice as that at high f for a-Ge;H films, and is 
about 6 times higher at low f than that at high f in a-Gei_xCx:H films. 
The lower flow rate is associated with a higher content of oxygen in the 
growing film due to the low pumping rate of oxygen-related impurities in 
the deposition chamber such as water vapor, CO, and CO2, besides oxygen 
during the sputtering. The background oxygen pressure was about < 10"^  
Torr for f > 15 seem, as indicated by an Residual Gas Analyzer (RGA), and 
was about 10"^ - 10~® Torr at low f's (~0.01 - 0.1 seem) which causes 
considerable incorporation of oxygen in the film seen from IR absorption 
spectra (Figure 16). 
The effect of rf power P, which influences ej and ffpf, the most, is 
shown in Figure 46. As clearly seen, both aj and (jpjj sharply increase by 
more than an order of magnitude as P increases from lOOV to 450W and 
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slightly drop at higher P. Since higher P's lead to a material with a 
lower energy gap, this by itself should result in a higher og. The rise 
of ffp}, with increasing P can be attributed to the sharp reduction of 
defect (dangling bond) density, so the efficient recombination centers or 
deep trap centers are largely reduced, and thus result in a marked 
increase in ffp^, as evident from both the ESR results and the IR spectra, 
which indicate a peak shift from dihydride bonding to monohydride bonding. 
Brodsky et al.73 found that dihydride bonds, related to microvoids, are 
more easily broken than monohydride bonds. Higher sputtering power 
entails stronger plasma-film interactions. Tg is not enough by itself 
favorable in destroying the dihydride more than monohydride bonds. It is 
also found^? that Tg alone cannot reduce the dihydride bonds effectively, 
but a higher Tg leading to a higher ffpj, is attributed to the fact that a 
higher amount of thermal energy is provided to reorganize the surface 
atoms of the growing film and hence result in a lower defect density and a 
higher This feature is found for both a-Ge:H and carbonated films in 
this work and the effect on a-Ge:H is shown in Figure 47. 
Since Cp^ is related to the dangling bond density, it is worthwhile 
to quantitatively attempt relate them. It has previously been observed 
that94 
(Tph « (1/Ns)2 (49) 
where Ng is the spin density. A similar relationship is indeed found in 
this work as is shown in Figure 48 (the slope of ffph vs Ng in log-log 
scale is about two). Yet note very low Cp^ in films reported by Reimer et 
al.,95 which had Ng < lO^? cm"^. 
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Table 6 lists the deposition parameters and the values of Cpjj of 
samples which have the best ffp^ (two for a-Ge:H and one for a-Ge^.^C^sH) 
produced in this work. Other previously reported high values of ffph are 
also listed for comparison. Since many earlier reports used AMI (100 
mW/cm^) illumination in PC measurements which is close to the intensity of 
the laser light used in this work (157 mW/cm^), a factor of about 1.5 
should be divided from the results of ffpjj in this work in order to compare 
with those other measurements. 
Since the estimated x is about 0.9 ms, the estimated values of 
carrier mobility from the product of yr is about 5 x 10"^ cm^/V-sec which 
is rather low. Due to this relatively low value of li and the relatively 
high value of T, it is believed that the transport mechanism of those as-
deposited amorphous films is dominated by carriers trapped in a large 
number of deep gap states which reduce the carrier mobility significantly 
while the carrier lifetime is actually enhanced. This is also consistent 
with the earlier mentioned results that both dark conductivity and photo­
conductivity increase and decrease in parallel, which can be attributed to 
the change in carrier mobilities. 
The effect of bias sputtering is not clear in this work since only a 
few samples were prepared using bias sputtering. As can be seen in the 
following table, the negative bias on the screen above the substrates 
(JW7B) results in an increase of ffph by more than an order of magnitude 
when compared to that positive-bias sputtered film (JW75) under very 
similar sputtering conditions. This should show the beneficial aspect of 
electrons bombardment (and therefore the substrate heating) on film 
quality. Yet the other two samples (JW73 and JW67) show the opposite 
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Table 6. Best values of ffpjj» MT, and deposition conditions of samples in 
this work and other results of high Opj, and/or mt of a-Ge:H 
Sample Thickness partial rf power target- *ph yx 
No. (Um) pressure (mT) (W) Sub. Dist. (sricm-i) (cm2/V) 
Ar H2 CgHg 
JW63 0.61 15 2 — 450 6" 5.4x10-7 4.1x10-10 
JW65 0.82 15 2 — 600 6" 4.5x10-7 4.6x10-10 
JW64 0.57 15 2 1 300 6" 5.3x10-7 3.8x10-10 
a 0.52 2 4 — 70 7" 7.3x10-6 2.4x10-6 
_b ~ 10-10 
_c 5 X 10-8 
®By rf magnetron sputtering.15 
^By diode sputtering.8% 
^BY glow discharge.96 
trend in which the negative bias leads to a material with a lower Cpjj than 
that non-biased sample. The main differences in preparation conditions of 
these two sets of samples are the and the d, and whether the electrons 
bombardment will be affected by these two important parameters is unknown. 
Therefore, the effects of bias sputtering in this work have not been 
recognized yet, and a systematic study involving the preparation of 
several more bias sputtered films is certainly merited. 
Ill 
Sample Bias d P Tg D.R. Eg Cj 
No. voltage (") (W) (mT) (mT) ( °C)  (A/sec) (eV) (Srlcm-l) (Srlcm-1) 
(volts) 
JW78 -40 4 150 7 1 150 1.2 0.89 3.4x10-3 6.6x10-? 
JW75 +40 4 150 7 1 150 0.8 1.08 1.2x10-4 2.5x10-8 
JW73 -40 7 160 2 4 240 0.11 1.19 8.1x10-5 1.6x10-8 
JW67 0 7 160 2 4 240 0.17 1.12 1.7x10-4 5.4x10-8 
E. Annealing 
As described in Chapter III, Section E, one 12 ym thick sample (No. 
95, a-Geo,ggCQ.12*0.11) annealed for one hour at 100, 200, 300, and 
400°C, in a vacuum of 10"4 - lOr^ Torr. Optical, IR absorption, and ESR 
measurements were performed following each annealing step. Note that the 
hydrogen content was calculated from the integrated intensity of the 580 
cm-1 Ge-H wagging mode and the Ge and C contents were obtained from the 
C/Ge ratio which was determined from Auger spectra. 
The evolution of the various IR absorption bands of sample No. 95 is 
shown in Figure 49 (a) through (d). As clearly seen, (i) the Ge-H wagging 
mode at 550 - 600 cm-1, which, at room temperature, is obviously an 
envelope of modes centered around 555, 585, 625, and 690 cm-1, evolves to 
modes centered at 545, 640, and 680 cm"^ after annealing at 300°C. It 
thus appears that the mode centered at 585 cm-1 decreases and the other 
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Fig. 49. The evolution of the various IR absorption bands of sample No. 
95, a-Geo.88Co.l2'®0.11» following 1-hour annealing process at 
various temperatures as indicated in each diagram 
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three increase following annealing at 300°C. (ii) The number of bands 
appearing in the 2800 - 3100 cm~^ CHn stretch mode range also decrease 
from room temperature to 300OC. Note that the total intensity of these 
bands also decreases considerably. Yet the most interesting results are 
(iii) the very sharp narrowing of the Ge-H stretch band at 1960 cm~^ and 
total loss of absorption from modes at the sidelines of this band at 
300°C, and (iv) the sharp increase in intensity of the Ge-CH^ wagging 
modes at 775 cm and the appearance of an absorption band around 735 
cm-1 at 300OC. 
Figure 50 shows the evolution of the ESR of sample No. 95 following 
the same annealing procedure. It is clearly seen that the intensity of 
the ESR increases following each annealing step, and the two underlying 
ESR components (Ge and C), which are almost completely unresolved at room 
temperature, become distinctly more resolved following annealing at 100°C. 
The narrower components narrow further following annealing at 400°C in 
such a way that its linewidth (about 10 Gauss) is only marginally larger 
than that in a-C, which is about 6.5 G.^® Meanwhile, the broad component 
shows the same linewidth (about 50 G) throughout the entire annealing 
process and its linewidth is also marginally larger than that of pure 
a-Ge, which is about 43 G.^® The ESR linewidths and the spin densities of 
the two components (Ge and C) of sample No. 95 under different annealing 
temperatures are given in Table 7. It is seen that the lowest spin 
density appeared to be at about 100°C. The results in this work are in 
general in agreement with the work of Shimizu et al.10 except that the 
spin density is a little lower in this work. 
The nature of the evolution of the Ge-H wagging and the Ge-C stretch 
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Table 7. Linevidth ^pp(G), and spin density ppg(cm"3) of two components 
(Ge and C) of sample No. 95 following different annealing 
temperatures 
Annealing ESR first component ESR second component 
Temperature (OC) ÛHpp(G) PDg(cm-3) ^pp(G) PDB(cm-3) 
Room Temp. 48.7 2.0 x lOA? 11.3 1.3 x lol* 
100 49.7 1.9 x 10l7 15.6 1.9 x 10^6 
200 45.6 2.3 x lol? 15.0 1.9 x lo^^ 
300 45.3 5.4 x lol? 15.3 1.6 x lol* 
400 49.3 8.9 x lOl? 9.3 1.2 x 10^6 
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modes around 580 cm~^ is still not clear. However, the narrowing of the 
C-Hn stretch mode near 2930 cm~^ clearly indicates that the distribution 
of environments for the C-H^ bonds narrows considerably following 
annealing at 300°C. Because the oscillator strengths of the various modes 
vary over a wide range,75 one cannot relate the total number of C-H bonds 
to the integrated intensity of the band. The significant increase of the 
integrated Intensity of the Ge-C stretch modes and Ge-CH^ wag modes 
between 720 - 800 cm"^ indicates that either the concentration of these 
Ge-CHji complexes or that of Ge-C bonds increases following annealing at 
300°C. It is more interesting, however, that the ESR of the annealed 
samples indicates that the alloy become increasingly segregated into 
islands containing Ge dangling bonds and those containing C dangling 
bonds. It is thus suspected that the concentration of Ge-CH^ complexes 
increases. This increase obviously occurs at the expense of Ge-H bonds, 
as indeed indicated by the sharp decrease in the intensity of the Ge-H 
stretch modes. 
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V. CONCLUSIONS 
The conclusions of this work involve (1) the general characteriza­
tion of a-Gei_xCx;H films, and (2) the effects of deposition parameters 
on the photoconductivity of the films. 
First of all, this work has shown some interesting features 
regarding a-Ge^.^C^sH. These films, with a wide range of energy gaps, 
from 0.85 to 2.3 eV, may be prepared in an rf sputtering system 
containing a crystalline Ge target and a mixture of Ar, H2, and CgHg 
(propane) gases. At a high rf sputtering power P and a low to moderate 
CgHg pressure, the films are rich in Ge and exhibit a gap similar to that 
in a-Ge:H films, but the spin densities of these Ge-rich films may be as 
low as about 2 x lO^? cm"^. The IR and ESR measurements on annealed 
samples show that the partial segregation process of the films into Ge-
rich and C-rich phases is already initiated at about 100°C. Some of the 
H atoms which are initially bonded to Ge, become bonded to C at 300°C. 
The segregation process is more enhanced at 400^0 and it is found that at 
or a little below this temperature almost all of the hydrogen evolves off 
the films. The apparent wide range of tunability of energy gap, the 
higher temperature stability (up to about 300°C), and the rather low 
defect density of Ge-rich a-Ge^.x^^sH films found in this work is 
certainly rewarding and merits further investigations. 
Secondly, several deposition parameters significantly effect the 
film properties. Calculation shows that the ratio of observed deposition 
rate of Ge to that of Si under the similar deposition conditions should 
be about 3.94, which is in good agreement with the observed ratio (3.85). 
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Experiments on ffpjj as well as Rj indicate that there is a need for 
thermalization to produce higher quality a-Ge:H and a-Gei_xCx:H films. 
Thermalization curves for Ge (target) atoms with energy from 10 - 1000 eV 
show that Ge atoms need larger target-to-substrate distance d than that 
for Si atoms to get thermalized when they both are sputtered having the 
same P^j. and they also show that Ge atoms require higher than in Si 
to reach thermalization condition if the same d is used. Rj is found to 
increase strongly and almost perfect linearly with increased rf power and 
to decrease linearly with 1/d. The latter is consistent with the theory 
of thermalization and diffusion transport of sputtered atoms. Rj 
decreases monotonically as the pressures of reactive gases, such as H2 
and C3H3, increase, which may be attributed to the formation of carbide 
compounds at the target that reduce the sputtering yield, the erosion of 
the surface of the growing film, and the formation of volatile species 
such as GeHx that are pumped away (less evidenced). Yet, Rj is almost 
insensitive to the substrate temperature and increase slightly as the gas 
flow rate is lowered by an appreciable amount. 
The measured photoconductivity of the film was used as a 
diagnostic tool in comparing the optoelectronic quality of the films. 
The dark conductivity oj and Opj, increase with both target-to-substrate 
separation d and partial pressure of Ar (?&[), up to optimal values of 
about 6" and 10-15 mT, respectively. The incorporation of increasing 
amounts of oxygen in the growing film shows the beneficial effect of 
improving both oj and ffpj, and this process is achieved simply by 
decreasing the gas flow rate down to as low as 0.05 - 0.01 seem. Slow 
flow rates represent lower system pumping rates and hence higher 
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background leakage rates, leading to higher oxygen pressure (as high as 
10"^ Torr) in the deposition chamber and thus higher oxygen content in 
the films. At the optimal values of d, P^j., and f, both oj and Cph 
increase drastically with the increasing rf power P, and relatively high 
values of are obtained when P = 450 watts (W). The unpaired spin 
densities, as resulted from ESR measurements, drop by more than one order 
of magnitude from lOOW to 450W. The IR absorption spectra also indicated 
corresponding decreasing intensities of Ge-H2 bonding configurations, 
usually associated with internal microvoids. These internal microvoids 
usually are fast recombination centers that degrade the optoelectronic 
properties of the films. The observed increase in Opjj for increasing P, 
together with the ESR and IR results, suggest that higher P's give higher 
quality films. In the meantime, in varying the sputtering power,Oph is 
found to be inversely proportional to the spin density. In carbonated 
films, (Tpjj drops sharply with increasing pressure of C3H3. The Ge-rich 
films which have very low C content show very high Cp^ which can compete 
with the best carbon-free films that are prepared in this work. The 
elevated substrate temperatures also show a positive effect on the Cph 
which is attributed to the surface reorganization in the growing film due 
to the excess thermal energy supplied. The increases, as expected, 
with increasing hydrogen partial pressure. The results of bias voltage 
sputtering did not provide clear information that the electron 
bombardment of the growing film has beneficial effect on the film 
properties in a unique way. 
The recombination lifetime of the films in this work was estimated 
as about 0.7 ms - 0.9 ms which is higher than usually expected (1 - 100 
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ys). Since the mobility lifetime product found in this work for many 
samples is very low (~ 10"^® cm^/V), the value of the mobility of 
carriers is very low (~ 10"^ - 10"^ cm^/V-sec) when compared with 
previous results on a-Ge:H (10~^ - 10"^ cm^/V-sec). The parallel change 
in oj and <Tph and the low value of t of samples in this work lead to the 
conclusion that the electron transport of a-Ge;H and a-Gei_x:Cx:H films 
prepared in this work is dominated by the trapping of free carriers by 
defects near the mobility edge. 
In summary, Sph of the prepared films is affected and can be 
optimized separately by the following deposition parameters: rf power, 
Ar pressure, target-to-substrate distance, hydrogen pressure, flow rate, 
propane pressure, and substrate temperatures. The negative or positive 
substrate bias voltage during sputtering may have an important effect on 
<Tph, but requires more detailed studies. Samples prepared by using 8 mT 
of hydrogen partial pressure which result in the optimal value of ffp^ in 
this work merit further systematic investigation. The use of a crystal 
silicon wafer in replacement of a piece of metal (copper) slab as a 
substrate holder may further improve sample's ffp^ and therefore worth 
trying in the future. The best (Xph produced in this work is indeed far 
below the best values reported by the group using rf planar magnetron 
sputtering. Efforts have been dedicated to the simulation of the similar 
preparation parameters such as a lower Ar pressure (2mT), a low rf power 
(160W, which has the same power density as in magnetron sputtering using 
70W), a larger target-to-substrate separation (7" or ~ 18 cm), a higher 
substrate temperature (~ 200°C), and using negative substrate bias. 
However, no significant improvement in ffpjj was realized. It is therefore 
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suggested that those high values in reported on rf magnetron 
sputtered a-Ge:H films may be at least partly due to the very high 
background vacuum (< 5 x 10"^ Torr). 
Finally, it may be advantageous to use krypton (Kr) as a sputtering 
gas instead of the conventional Ar gas in depositing Ge-related amorphous 
thin films seems advantageous since it would be consistent with the 
importance of thermalization and momentum transfer due to the higher mass 
of Kr (84 amu). 
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VII. APPENDIX; CALCULATION OF PHOTOCONDUCTIVITY WHEN THE 
SAMPLE IS WHOLLY OR PARTIALLY ILLUMINATED 
The gap geometry and the equivalent circuit are depicted in Figure 51 
(a) and (b). The laser illuminates an area of width W and length L2> The 
film length in the gap that is not radiated by the laser is L^ and the 
total length of the film in the gap strip is L = L^ + L2. Let rj, Cj, R, 
Ar, and represent dark resistance, dark conductivity, load resistance, 
change in sample resistance, and the ac component of the photoconductivity 
of the film upon illumination respectively. Also let Vg, v, ip^, Ij, 
denote power supply voltage, lock-in detected voltage across R, current 
under illumination, dark current, and total conductivity under 
illumination respectively. 
(I). The whole sample is homogeneously illuminated: 
^ = (iph - ld)'R 
1 w 
ffd dL 
1 W 
or oy = — — 
rd dL 
(R+rj-ArXR+r^) 
v(R + rd)2 
(50) .*. Ar = 
VgR + v(R+rd) 
Since 1 1 1 W Ar W 
, (51) A(t„ = aj - 0^  = 
rj-Ar rj dL [^(rj-Ar) dL 
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when ûr « rj, Eq. (51) becomes 
Ar V 
rd^ dL 
ûff„ = —— — (52) 
= ûrffd 2^ 
w 
(53) 
u(R + rd)2 dL 
oy — 
VgR+v(R+rd) V 
(54) 
(II). The sample is partially illuminated: 
As shown in Figure 51 (b), the film resistance is considered as two 
resistances connected in parallel in which r2 will be illuminated and r^ 
will not. Now, 
W 
rd = 
dLi dL? d(Li+L2) 
(55) 
where r2d is the dark, resistance of r2. Upon illumination, the resistance 
is changed by an amount of Ar, and 
V 
rd - Ar = 
c%Li+(od+Ae_)L2 . 
(56) 
W 
.'.Ar = — 
d c%(Li+L2) cTj(Li+L2) + Acr_L2 . 
W Aa^ L2 
d Od2(Li+L2)2 
if AaJj2 « c^^Li+L2) (57) 
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Now Eq. (57) is substituted into Eq. (50), one would have 
W L2 V(R + rd)2 
— • as y 
d od^(Li+L2)2 VgR+v(R+rj) 
and then 6a_, in this case, is given by 
v(R + rd)2 ffd2(jL2 
A<t„ = —————— (58) 
VgR + \J(R+rjj) Wig 
where L = + L2. 
Eq. (58) can be reduced to Eq. (54) by applying =» 0 and L2 =» L 
condition that the whole gap area of sample is radiated) into Eq. (58). 
This provides a check for the validity of Eq. (58) 
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m L L2 « 1.8 mm L = L, + l_2 
h-w-H 
(a) 
I N/wAA I 
I ^^ AAAA I 
R 
-vww-C/vwv»— Lock-kio-l 
(b) 
Fig. 51. The gap geometry (a), and the equivalent circuit (b) used in 
calculating iXph of thin films deposited onto the glass 
substrate." The gap width is W, the gap length is L, the 
illuminated (shaded) area has a length L2» and unilluminated 
length L^. Vg is the power supply, R is the standard resistor, 
and rj, 12 represent the resistance of unilluminated and 
illuminated area, respectively 
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